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On Wave Matrices, and Some Properties of the Wave 
Equation 

By S. R. Milner, F.R.S., The University, Sheffield 
{Received 29 May, 1936) 

1 — Wave matrices became important in wave theory as the result of 
the use of them made by Diract to express the operator of the second order 
wave equation as the square of a linear one, and hence obtain a first 
order equation. Thus, p* representing the second order operator, the 
equation 

may be factorized, and written 

(S E.P.) (S E.P.) ,1; = 0, (« = 1, 2, . ., n), 

giving the first order equation 

SE.p.<^ = 0, (1) 

if the p. commute^ with themselves and with the E., and if the E, are 
matrix roots of 4-1 or of —1, which satisfy 

E.E, = - E,E., (P ^ «). (2) 

This condition gives the standard definition of wave matrices. The 
number n of possible components p, is determined by the number of 
four square matrices which can be found mutually satisfying (2). 
Eddington§ has shown that sets of five such matrices exist, in which 
each matrix is a square root of —1, so that there is a fifth component of 
p which gives the mass term m the equation (1), 

t * Proc. Roy. Soc.,’ A, vol. 117, p. 610 (1928). 

i Tbe conditions regarding the p. are satisfied when there is no electromagnetic 
field, which is the case dealt with uutially by Dirac. The electromagnetic terms, which 
have the effect of making the p. non-commuting, are subsequent mtroduebons made 
direct into the linear equation (1). 

§ Eddmgton’s notation for the matrices and choice of sign for their squares (‘ Proc. 
Roy. Soc.,’ A, vol. 1 33, p. 31 1 (193!) ) has been followed here. Dirac and most other 
writers take the squares as 41. With the later definition (5) the choice of sign is 
immaterial. 


VOL. CXVn.— A. (1 October. 1936) 



2 


S. R. Milner 


Dirac’s brilliant development is, I think, open to a minor criticism, 
the following up of which leads to a different definition of wave matrices. 
Relativity theory indicates that the two successive operations denoted by 
p* are not identical in character, but one is a covariant and the other a 
contravariant differentiation. The point may be illustrated by the 
ordinary equation for the propagation of a potential with the velocity 
of light. 



This may be written in tensor form in flat space time as 


V ti (1 


- 0 , 


where the contravariant components x* may stand for x, y, z, + ct, and 
the covariant .r. for x, y, z, — ct. The same distinction between the 
character of the differentiations is necessary also in the general theory,! 
and It evidently holds for any wave equation. 

In matrix theory a covariant vector tj/ is represented by a single column 
matrix of the components 4'i *l' 4 < and a contravariant vector y.hy & 

single row matrix of its components ••• X*- The rules of matrix 
multiplication then give 

X<i' = xHi + X*<J'i + X*<i'8 + X*'l'4- (3) 

It lies at the basis of all geometry that this scalar product is invariant (the 
product may be regarded, indeed, as the real entity from which the vectors 
have been manufactured by a process of factorization). Since any linear 
transformation of <{« can be expressed as 

f (4) 

where P is a square matrix, it follows that the corresponding trans- 
formation for X is 

X' = xP-^ (4 a) 

With these ideas it seems logical to factorize the second order wave 

equation as follows. Writing it as 

we may put it into the equivalent form 

(Sp-E.-‘)(SE./i.)4' = 0. 
t Eddington, “ Mathematical Theory of Relativity,” p. 64. 
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Wave Matrices and Properties of Wave Equation 
which gives rise to the first order equation (1) when 

E.-%=-Er^E.. (5) 

In this paper (5) will be taken as the defining condition of wave matrices. 
It is a more general definition than (2), allowing more latitude in the choice 
of them. The necessity for more latitude may be illustrated in a very 
simple way. The wave equation (1) clearly may be multiplied throughout 
by any matrix P without altering the value of its solution (J*- Hence 
(PE.), (PE^) ought to be wave matrices, but they will not in general 
follow E, and E^ in satisfying (2). The anomaly disappears when (5) 
is the defining equation. 


2 — Group Properties of Wave Matrices 


A set of matrices, arranged in a definite order, and mutually satisfying 
(S) may be called a “ wave set ”. There can be six matrices in such a set, 
as against the maximum of five in a set in standard theory. The simplest 
way of obtaining the six is to include the unit matrix along with a set of 
Eddington's five, as it is easily seen that (5) is then obeyed by them all, 
but wave sets of six which do not include unity also exist. 

Their theory is very similar to that of Eddington’s sets, which he has 
worked out extensively in several papers. His results have suggested 
much of what follows, but it is impossible to quote them in place of proof, 
because some apply and some do not to the matrices as here defined. 
In general the new definition makes both the matrices, and the wave sets, 
developable into closed groups, and the relations between them amenable 
to a complete classification, which is not possible on the earliei definition. 

E., E^, Ey, etc., being different matrices which mutually satisfy equations 
similar to (5), if we use the notation 


(«P) = E.-iE„ («y) = E.'%, etc., (6) 

then these derived matrices have the following properties: 

(«*) = 1 , («) \ 

(«P) (Pt) = Er^EfEr'Ey = (oiY). (b) 

(«P) = -(P«). (c) I 

(aP)(Y8) = («P)(YP)OS) by (6), [ 

= -(«P)(Py)(P 5) by(c), 

= -(«y)(P»). (d) . 
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Hence in developing products of the derived matrices, if two adjacent 
letters, whether they are in the same bracket or not, are the same, they 
can be omitted, or if they are different, they can he interchanged with charge 
of sign. By using this rule any continued product can be reduced to a 
standard order of letters. A letter may be brought to any position 
desired by counting the number of letters different from itself required to 
be jumped over, and changing the sign when this number is odd. Also 
when a letter is brought up against itself the pair may be omitted. 

We have further 

(«P)-i = (£-.%)-» = Er^E. - (p.), 

(ap)-i (ay) = (Pa) (ay) = - (ya) (ap) 

== - (ay)-» (ap), 

(aP)-i (yS) = (P«) (y8) = + (iy) («P) 

= + (yS)-»(«P). 

Thus all matrices which possess a common letter anticommute with each 
other's reciprocal, and so am form a wave set ; those which have no common 
letter commute. On the other hand, (ap) “ reciprocally ” anticommutes 
with i (y8) (a matrix of Dirac’s type whose square is +1), and as will be 
seen later wave sets may be formed by combinations of this kind. 

If we apply a transformation P ... Q to each member E. of the original 
set of matrices, the property (5) remains unchanged. This is readily 
proved by observing that (PE.Q)-^ = Q-^E.->P ^ The rules deduced 
above referring to the derived matrices are consequently unaffected by 
this transformation. It may be observed that the condition (2), on which 
wave matrices are based in the standard theory, is invariant only to the 
collineatory transformation P ... P"^; the transformation P ... Q, 
however, to which the properties of the present matrices are invariant, 
is the most general form possible of a linear transformation. 

Using the multiplication rules we obtain 

(«W*=- 1, 

{(aP)(y8)}«=- + l, 

{(aP)(y8)(ti;)}»=-l. 

These products might be continued indefinitely but for the fact that, 
whatever set of E, is taken as a starting point, the product (ap) (y8) (eij) 
invariably reduces either to +i or to —i. This is true at any rate for all 
the sets derived as described above from Eddington’s matrices, which are 
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all either wholly real or wholly imaginary. (Complex wave matrices, 
if they exist, have not been investigated.) The proof follows firom the 
fact that, if each E. of a given wave set is subjected to the general trans* 
formation 

E'. = PE.Q, (9) 

the transformed value of the continued product (aP) (y*) («0 becomes 
reduced by intermediate cancelling to (ap) (yS) (elj) Q so that, if the 
product is originally a numeric, it remains unchanged by the trans- 
formation. It may readily be verified in a particular case that this product 
is either -f-i or — i (e.g., in Table 1, (01) (23) (45) ~ — i). Since (with 
one restriction) all wave sets can be obtained from a given one by the 
transformation (9) the property is general. 

The result that 

(a p) ( Y«) (eO = either +/, or -/, (10) 

has the effect of closing the group of matrices obtained by continued 
multiplication; it also enables us to express them all by single pairs of 
symbols and so classify them. The set from which we start may be in 
certain respects chosen arbitrarily. For example, it may consist of any 
one of Eddington’s sets of five with the addition of unity arranged in 
any order and with arbitrary signs. Once these have been chosen, 
however, let them be regarded as fixed, and the matrices be called + E, 
... -t- E, in order — it is convenient to distinguish a specified set by using 
numbers instead of letters for the sufiixes. The set can now be reduced 
to a more standard form by applying the transformation Eo~^ ... 1 to 
each member. In this way we get a set (00), (01), ... (05), of which the 
first member is unity. 

Suppose for the sake of definiteness that the set thus chosen exhibits 
the —i property in (10), i.e., 

(01) (23) (45) = Eo-»E,Er*E,Er^E, = - /. (11) 

Postmultiplying each side by (54) we get 

(01) (23) = 1(45), (11 A) 

with all the permutations obtainable from it, subject to changing the sign 
of one side for each interchange of a pair of figures. By applying this and 
the multiplication rules to reduce the continued products of (01) ... (05), 
we arrive at a closed group of 64 members. In Tabic I is given an example 
of a group so formed from particular initial matrices along with the two- 
figure designation of each matrix. The 16 given form a sufficient repre- 
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sentation of the whole group, the remainder being —1, +f, and —i times 
these. 

To save space a simple contracted notation is used to specify the 
matrices, which is made possible by the fact that in them there is only 
one finite element in each row, and this is always reducible (by writing i 


Table I— A Group of Wave Matrices 


(00) 

-1- 1 [= (1234)1 

(14) 

- 1(4321) 

(01) 

1(2143) 

(15) 

(4321) 

(02) 

(2143) 

(23) 

1(2143) 

(03) 

1(1234) 

(24) 

(4321) 

(04) 

(3412) 

(25) 

1(4321) 

(05) 

- 1(3412) 

(34) 

l(54f2) 

(12) 

1(1234) 

(35) 

(3412) 

(13) 

(2143) 

(45) 

1(1234) 


when necessary as a factor of the whole matrix) to either -f- 1 or — 1 . The 
four figures give the numbers of the columns in which the 1 comes in 
successive rows, and when it is —1 the sign is indicated above the figure. 


Thus 


(1 143) stands for 


0 -1 
1 0 

0 0 

0 0 


0 

0 

0 

-I 


0 - 

0 

1 

0 _ 


It IS not difficult to verify that the matrices of Table I possess the various properties 
derived for them. Multiplications can be carried out on the contracted forms them- 
selves by using a rule illustrated in the following example; 

E,.E, = (2143) X (4321) = (3412), 

(02) (24) = (04). 

Since the fint figure of E^ is 2. we take the Kcond figure of E, (3), and write it as the 
first figure of the product, putting a minus sign above it when the E^ and E, figures 
have opposite signs; and so on. 


With the exception of ((X)) the matrices in Table I are identical with 
those derived by Eddington. While their two figure designations are to 
a certain extent fixed arbitrarily, in the way explained above, they serve 
to make clear the relations which exist Mween them. Moreover, it 
will appear later that, with one important exception, similarly constructed 
tables starting from any other original wave set can be converted into 
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this by determinate transformations, so that this can serve to illustrate 
exhaustively the matrix properties. 

The exception is produced by the fact that the equality of the continued 
product in (II) to —t is a group property of the originally chosen set, 
and is untransformable away. Although the product can easily be 
changed to +/ (for example, by changing the sign of one member of the 
set), this cannot be done by transformation. It thus appears that wave 
sets are of two types, which have to be carefully distinguished from each 
other, one in which the product (01) (23) (45) is +/ and the other in which 
it is —i. The distinction extends over the whole group of derived 
matrices. Table I could be changed from the “ —I ” to the “ + / ” 
group by changing the sign of i in it wherever it occurs. The two groups 
differ from each other in much the same way as do right- and left-handed 
axes in geometry, which can never be transformed into each other by a 
rotation. The two types of wave sets are only distinguishable from each 
other when the full number of six matrices is used to form the set ; when 
five matrices only are employed, as in the standard treatment, this group 
property disappears. 


3— Ordering Equations 

The equation 

(S Z^.E.-^) E.S.4;) - 0, (a = 0, 1 5), (12) 

is easily seen to be satisfied identically with arbitrary x and <{/ if (1) Eg 
Eg satisfy (5), and (2) Sg ... jg are a set of algebraic quantities which obey 
the condition 

2:5.* = 0. (13) 

The theorem indicates that a relation of a very general character between 
and 5. may be specified by equating the second factor of (12) to zero. 
We thus reach the equation 

SEa'1' = 0, (« = 0..5) (14) 

an important feature of which is that it states an always possible relation 
between <{» and s, without restricting in any way the value of x- Alter- 
natively we might relate x to s. by equating the first factor of (12) to 
zero. It is shown below that both relations cannot hold simultaneously 
unless x+ is zero. We may, however, write 

(Ma) 


Sxs*E.-i = 0. 
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where the s* stand for another set of quantities such that £ (r)' = 0. 
The relation between x and will then depend on that between r and 
Sa- These equations will be called here “ ordering ” equations (covariant 
(14) and contravariant (14a) forms) because (14) requires the <p, to be 
proportional to complex quantities formed by arranging the s, in a certain 
order, and similarly for (14a). 

While (14) is of the same general type as the wave equation (1), it has to 
be distinguished from it, since it is purely algebraic, the s, being not 
operators but commuting quantities. It serves, nevertheless, to bring out 
certain features of wave matrices, which have useful applications to the 
wave equation. The four equations which it represents are homogeneous 
and it may readily be verified that (13) is their condition of consistency. 
Write 

(a = 0...5), (15) 

where X is a single column matrix of four arbitrary terms. On sub- 
stituting this in (14) we get 

S (E.J.) (S E.-^J.X) - S (5.)» X = 0. 

Thus this value of <1^ always satisfies (14), and may be regarded as its 
general solution. The contravariant form (14a) has similarly the general 
solution 

X -- S VE., (15a) 

where X is an arbitrary row matrix of four terms. We see that 
X+, = X (£ s’s.) X, 

is an arbitrary scalar quantity, and also that, if the s' are the same as 
the s„ its value is zero. 

The meaning of these solutions is brought out more clearly by con- 
sidering the forms they take when the set of E. to be used in them has been 
chosen. To illustrate this we shall use the set (00) ... (05) of Table I, 
i.e., let (14) take the form 

{So + f (2143) s, -H (2143) s. + i (1234) s, -f- (3412) s* - i (3412) s,} = 0. 

(16) 

By (15) its solution is (E,“^ = — E, except for the (00) term) 

I = {So - / (2143) Si - (2143) s, - i (1234) s, - (3412) s* + i (3412) s,} X. 
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The contracted notation for the matrices has the useful feature of enabling 
the equation to be translated directly into column matrix form, giving 



Rearranging the terms we get expressed as the sum of four column 
matrices instead of six: 



If we call the four terms on the right <K1) . (4) in order, we see that 

each (a) is a covariant vector (single column matrix) whose components 
are proportional to complex paired arrangements of the s, made in a 
certain way. Since the X, are arbitrary, each (a) forms by itself an 
elementary solution of (16). The complete solution is the resultant of 
the four vectors, ' 


4; = H (a). 
1 


The elementary solutions are not independent. It may be proved from 
the theory of linear equations that only two independent solutions exist, 
and indeed it is easy algebraically to express any two 4^ («) in terms of the 
other two. In order to descri^ the properties of the I («)> we shall use 
the notation already employed of ^ to signify the row matrix which is 
the transposed of a column matrix 4'> and in addition an asterisk when'we 
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wish to indicate that every / that occurs explicitly in has been changed 
in sign.t For example, we write 




So + tog 
«1 - 5 , 

- St + iso 


0 


+* (1) = bo - -Isi- So, 

-st-ist,0]. (18) 


It is easy now to show that 

+• = S (a) 
1 


is the solution of the contravariant ordering equation 

S = 0, 

0 

formed from the same wave set and with the same s,. 

An examination of (17) now reveals that for all values of a and p, 
including P = a, 

r(«)4'(P) = 0. (19) 

The four elementary vectors may consequently be described as being 
mutually perpendicular ; also each is of zero scalar magnitude. They form 
a set of four complex perpendicular axes, constructed out of zero by 
factorizing it matrixwise. 

Since the elementary solutions ^ («) of (16) are derived from fg Sr, 
by arranging complexes from them in a certain order, we may call an 
individual set of these complexes, such as that in the first equation of (18), 
an “ ordering ” of Sg • • . Js and ij* itself an “ ordered complex The function 
of the ordering equation (16) is then to determine a special set of four 
orderings which represent four mutually perpendicular 4* (a)-vectors. 
Numerous other sets can be obtained from equations employing the 
same matrices as are used in (16). It makes no difference to the 
validity of an ordering equation, since the governing condition (5) is not 
affected, if any alteration in the order of the matrices is made, or if the 
sign of any term is changed. Each of these alterations will produce a 
different set of four orderings for the solution. There will thus be pro- 

t has to be distinguished from the conjugate transposed of i}* as ordinarily 
ddlned, because, since Ss.* ^ 0, at least onetof the s. must be imaginary. The 
description of (19) as indicating perpendicularity is, of course, purely a formal one, 
though no more so than with any other complex vectors, since th^ cannot be pictured 
in Euclidian space. 
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duced altogether 61x2* distinct sets. That the equation, treated in 
this way, gives a complete account of all the orderings possible of the 
type 

Jo + «!, + iSs* ^4 + iSt, 0, 

is easily to be seen. For since the / in each term of the ordering dis> 
tinguishes the two j. from each other, there are 6 ! different permutations 
of the j. without altering the position of the zero term. Each j, may be 
either + or — , giving a further factor of 2* when we include as distinct 
orderings those derivable from another by multiplying it throughout by 
— 1 , +/, or — /. The result is finally to be multiplied by 4 since the 0 term 
may come in any position. The number of possible orderings is con- 
sequently 6 ! X 2* X 4, and it is evident that there is a one to one corre- 
spondence between these and the elementary solutions <Ka) of the 
various modifications of (16). The feature of the ordering equations is, 
of course, that they select from the total number of orderings and join 
together those four which denote mutually perpendicular vectors. 

4 — ^The Wave Equation 

Dirac’s equation for the <{/-waves of a single electron can be written 

{?=•(- si; 

Here E^ ... Eg may be any five chosen from a set of six wave matrices as 
previously defined, JCg has been written for ict, Vi .. V, stand for e X 
vector potential components, and V* for ie x the scalar potential, of the 
electromagnetic field, and e and m are the charge and rest-mass of the 
electron. In the present section it is proposed to discuss the general 
nature of this equation, in its mathematical aspect only, in the light of the 
results obtained in the previous section. 

It has already been noted that while (20) bears a close resemblance to 
the ordering equation (14) there is a definite difference in that the co- 
factors of El ... E4 in the former are non-commuting operators as against 
the algebraic quantities Ji ... J4 in the latter. By an artifice, however, 
we can write the ordering equation in a form that approaches still more 
closely to that of (20). Suppose that Si ... J4 in (14) represent the gradient 
of a scalar function of position, H (Xi ... x«), in a Euclidian fourfold 
and that i]/ is an ordered complex satisfying the equation 

{e„.+ |e.|S + e„.}+ = o, 


( 21 ) 
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in which and 3^ may be any quantities chosen to satisfy the condition of 
consistency of ( 21 ), viz., 

Now write 

4 , = (23) 

which can always be done, as it merely defines^, a similar column matrix 
to il** By differentiating (23) and rearranging we get 



The exponential here can be expressed in terms of matrix products, for, 
if X stands for any single row matrix of four terms (e.g., [ 1111 ]), and we 
premultiply both sides of (23) by it, we have 

g-iwUlk 

Consequently (24) may be written 

Substituting (25) in (21), we get 

{e^. + ? E. (- 2^ 4- + sI, • ^ 4 . " 0. (26) 

This very general equation requires for its satisfaction only that <\> 
should be an ordered complex derived from an arbitrary function H, 
which actually comes into the equation via tf> and (23). It is formally 
so similar in build to the wave equation that this might be derived from 
it by identifying symbols. If we write in (26), (1) Sq = 0» (2) J| = imc, 

and (3) assume that x) ®ay be replaced by V., the equation 

reduces identically to (20). The first two conditions are straightforward, 
requiring only, by ( 22 ), 

(27) 

which shows that H is a quantity of the nature of “ action ”. The third 
assumption, however, is a considerable one, since x w a four square 
matrix, and V. is an algebraic quantity. This last identification cannot 
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be true generally; it is clear it must involve a further limitation on the 
permissible values of «{'■ Correspondingly it may be noted that, while 
(26) is satisfied by any ordered complex (derived from H), finite and 
continuous solutions of the wave equation (20) are restricted to eigen 
functions. 

For this reason one must not regard as more than formal the apparent 
identity of (20) and (26). It is justifiable, however, to consider tl^t (26) 
constitutes the general mathematical form which, by specialization in the 
way described, gives rise to Dirac’s equation. 

Based on this conclusion, a useful inference may be made with regard 
to the mathematical form which the accurate solution of the wave equation 
should take. In addition to being an eigen function, we may expect it 
to be expressible in the form (23) and also as an ordered complex of ime 
and the derivatives of the function H, which themselves satisfy (27). 

In an earlier paper, f in which the formal identity of the wave and order- 
ing equations was arrived at in a less complete way, I assumed (perhaps 
too hastily) the correctness of this inference, after verifying it in the case of 
a simple example. It has therefore seemed to be a useful piece of work to 
test it farther by examining in detail a more comprehensive solution. 
Fortimatdy, accurate solutions of Dirac’s equation, applicable to the 
hydrogen atom in all its quantum states, have been obtained by Darwin. J 
So far as I know, these are the only accurate wave solutions extant, apart 
from the elementary case of no electromagnetic held. I have examined 
them in relation to the inference with the results given below. 

The equations from which Darwin starts can be written in the form 
(20), with 

V.-^. r_W + ;c.> + x.-)., 

and El ... Es the matrices (01) ... (05) given in Table I. (This is, in 
fact, the reason why these particular matrices have been chosen to initiate 
the group and for illustration in equation (16).) He works out the values 
of only so far as they depend on Xi . . x^, i.e., d/dx^ is treated as a 
constant multiplier instead of as an operator. The solutions fall into 
two types, of which only the first need be considered in detail. This is 


^3 =. (ife + « + 1) GPS, 4,3 = (- + „) GPS+^ 


t ‘ Proc. Roy. Soc.,’ A, vol. 139, p. 349 (1933). 
t ‘ Proc. Roy. Soc.,’ A, vol. 118, p. 654 (1928). 
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Here k is any positive integer, including zero ; and u is any integer from 
—k to also including zero. is the spherical harmonic function 


P,* = sin- 0 e'-* [cos‘“- 

, V (\n (k~u)ik - u - 1)... (A:- 
^ ^ ^ 2.4...2n(2A- l)(2it 


— u — 2n + l)o 


- 3) .. (2^ - 2« + 1) 


-], (») 


the summation being taken over the integral values of n from 1 to (^— w)/2 
when this is integral, or to the next integer below it when it is not. F and 
G arc functions of r and k, given later. 

This solution not only does not represent vj; as an ordered complex. 
It does not even seem to represent a stationary system of waves. We 
should expect a particular solution describing a system of stationary 
vector waves to have the nodes of each of its components tpi ... in 
the same places. The number of nodes in P*- forming circles of latitude 
is k — u (in addition to those at the poles) ; so that from (28) we shall 
have for < 1^1 . . respectively k — u+ l,k — u,k — u,k — u ~ 1 nodes. 
There are similar variations in the numbers of longitudinal nodes, and, 
in fact, the various 4^, do not at first sight seem to belong to the same wave 
system. 

The discrepancy, both as regards nodes and the variation from the 
ordered complex form, can be resolved. In the first place we apply the 
following difference formula, provable from (29), to express the 'I'l- and 
4 ' 1 -harmonics in terms of those for 4'8 and 4 * 4 : 


PJn = (A: + «+ l)cosO.P2-(A: - «) sin 0 e-‘+ . PJ^S | 
P*il = (^ + M+ l)sin9e+‘*.P2 + (A:-M)cosO.Pr+>. 1 ^ 


Secondly, examination of Darwin’s rather complicated radial functions 
F and G reveals a connexion between them, which enables them to be 
written as follows : 

F = G = (/+g)e-’/-\ (31) 

where 

/= (N + /k + 1) /■*'+-'-» {l - + 

^ n' in' - 1) (/!’ + m in' + 2k'-l) 

„ _ /‘JN n' (n' + 2k') 

^ 1 r 2 

_ 2 - 1) ^ I 
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Here n' is any positive integer, including zero, and 

_ 27ce* _ I 

^ ~ he ’ ^ ~ Inmcy ' I ( 32 ) 

k' = {(Jk +IY~ Y*}*, N = { Y* + (^' + n')*}* ) 

(y is the fine structure constant, and a the radius of the first Bohr orbit). 

Thirdly, for the purposes of the present discussion, we require a 
which is a solution of the full equation, with 3/9x4 not a constant multi- 
plier, but a differentiator. Darwin’s t}*. are functions of Xi . . Xj only. 
The necessary modification giving them as four-dimensional solutions 
of the full equation is obtained ( 1 find by trial) by multiplying each by 

e k\ 

We apply these substitutions or modifications, replace in (30) cos 0 
by xjr, sin 0 e*** by (x^ ± /xj)/r, and further, for simplification, 
multiply Darwin’s solutions throughout by the common constant factor 
(k' + n' + N). The solution of the full equation then becomes 

•fi = (/- g) Y {(^) (* + « + 1) PT 

+ m)P|{+> 

(/- g) Y (fc + „ + 1)P« ^33^ 

^3 = (/+ g) (jk' + n' + N) {(^ + « + 1) P? + 0}, 

<^4 = (/ + g) (k' + /7' + N) {0 + (- 1) (;k - «) PJ+'}. - 

in which 

ii^^{yr + ik' + n')x,}. (34) 

The various stationary states are fixed by the different integral values 
which may be given to u, k, and n' ; the energy, however, depends on k 
and n' only, being 
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The forecast that ({< will be expressible in the form 
vhcre 


is verified, the first part obviously, and the second readily, using (34) and 
(32). To make clear the extent to which t}' >s an ordered complex in 
terms of 0H/3x. and imc wt will substitute in (33) 


Sjc, 


(«-1...3), 


■ 3*4 
Jb = + imc. 


= + ir.“i <*' + "■>- 


(35) 


and put for shortness 

X = (N/mc) Qc + u + 1) P*-, 

Y = (N/mc) (k - u) P»*+^ 

We then get 


-^1-] 

= -X/ 


+ Y/ 

isi + st 

h 


isi — Jj 


— isz 



- St -1- /Sb 


0 



0 

1 

St + iSi_ 


-rXg 

iss 

-Yg 

~i5i + J|“ 


isi — jj 


- isa 


St — iSr, 


0 


_ 0 _ 


-■*4 — «s_ 


Comparison with (17) which gives the solution of the ordering equation 
formed from the same wave matrices, while not disdosing the complete 
agreement inferred, reveals a definite extent of agreement described as 
follows. When allowance is made for Sq havmg been set zero in the 
wave equation, the first and second orderings of the s. in (17) and in (36) 
are identical. The third and fourth orderings in (36), however, are not 
the same as in (17) ; they are repetitions of the first two with 54 and Sb 
changed in sign, and have no coimterpart in (17). 

The partial disagreement observed above appears to be due to a defect 
in the original forecast, which might perhaps have been, although in fact 
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it was not, anticipated. If we base an ordering equation on the quadratic 
equation (27) with nothing further given, there is an ambiguity in fixing 
the sign of each square root which forms an 5.. True, geometrical con- 
siderations might be called in for deciding to adopt the same signs for 
iWI^Xt dWjdxt, but these fail when we come to the imaginary terms 
0H/0JC4 and imc. The sign of an imaginary term is in geometry entirely 
conventional — ^whatever is achieved by -t-/ is achieved equally well, 
alternatively, by — There is thus an essential indeterminateness as to 
whether we shall use +S4 and +s, or — J4 and — Sb in constructing as 
has been done above an ordering equation for the purpose of identifying 
its terms with those of Dirac’s equation. 

The solution (36) appears to show that Dirac’s equation disposes of 
this ambiguity by being equivalent in some way to two ordering equations 
(one in S4 and s,, and one in —s^ and — s,) at the same time. Retracing 
on it the steps by which (17) was formed, we can write the solution (36) 

4-== EE.-V.tx, (36a) 

I I 

where the s\ are the same as the s, of (35) with J4 and changed in 
sign, X is a column matrix of the terms, — X/, Y/, 0, 0, and (x of the terms 
Xg, — Yg, 0, 0. 4* the sum of two ordered complexes, and each 

individually can be accounted for as the solution of an appropriate 
ordering equation. On the other hand, it does not appear feasible to 
write a single ordering which will be satisfied by the sum. 

It may be asked what has become in the wave equation solution of the 
third and fourth orderings of (17), which are missing from (36). One 
answer is that, since only two of the four perpendicular orderings are 
independent, we could not expect to increase the generality of the solution 
by making use of more than two. Another answer may, however, be 
given. A second solution for the hydrogen atom, of another type, was 
discovered by Darwin, and investigation of this shows that it is expressible 
in a similar form to (36), but in this case in terms of the third and fourth 
orderings of (17), so that actually all the orderings are made use of. 

In the more simple cases of Darwin’s solution the duplicate orderings 
in terms of — J4 and — Jb disappear; for example, when ~ 0 we have 
from (31) g = 0, and the second summation in (36a) vanishes. In such 
cases 4< accurately satisfies the ordering equation (21). 

In the paper previously referred to, having found this result for the 
simplest case of all, the ground state (k = 0, n' = 0), I virtually made the 
assumption that it was true in general in a calculation in which the five-term 
equation of Dirac was reduced to a simpler form possessing four teipis 
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only. It appears from the present discussion, however, that the result 
is not true in the more complicated of the higher quantum states. I take 
the opportunity of observing here that the reduced equation referred to, 
although it certainly holds for some simple cases, consequently cannot 
claim to form a valid description of the general wave field. 

Apart from the ambiguity mentioned, the analysis of this section brings 
out definitely the close connexion between the wave and ordering equa- 
tions (20) and (21). The fact that the of the wave equation is expressible 
as a sum of ordered complexes not only throws light on the mathematical 
properties of the function, but it may perhaps facilitate in other cases the 
accurate solution. 

5— Extended Form of Wave Equation 

Reference has already been made to the fact that the maximum number 
of terms in the wave equation (1) is settled by the possible number of 
matrices in a wave set, and when the defining condition of the set is taken 
to be (5) instead of (2) this number is six. In Dirac’s equation five terms 
only are made use of~the four operators associated with the coordinates 
of a fourfold plus the mass term. It appears now that six possible terms 
exist in the most general form of a linear wave equation; indeed, the 
sbith term has to be introduced into Dirac’s equation if its form is to 
remain invariant to all the possible mathematical transformations. As 
will be seen in the next section, the six s, in an ordering equation, and 
equally terms which conespond to them in a wave equation are con- 
tinuously interchangeable with each other by definite rotation trans- 
formations in a Euclidian sixfold. It is thus a straightforward operation 
apart from its physical meaning, to transform Dirac’s equation into a 
six-term one; for we have only to write in it a zero sixth term and rotate 
the sixfold axes in the plane of this and one of the other terms, when the 
sixth term will become finite. The question naturally arises as to whether 
such an extended equation has any possibilities greater than those of the 
standard form for the purpose of a physical description of Nature, but 
it is too speculative for any attempt to be made to consider it here. 


The equations 
and 


6— Transformations 

I:e^.4. = o, 

0 

S PE.Q5.Q-i«^ = 0, 


(14) 
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P and Q being matrices, will clearly be satisfied by the same value of 
so long as Q and s. commute. The condition is fulfilled for any Q when 
the 5. are algebraics, as they are in the ordering equation. If they are 
operators, as in the wave equation, it will be fulfilled so long as Q is not 
a function of the coordinates. It follows that the equation 

2 E'a+' = 0. (37) 

where 

E'.-PE.Q, (9) 

will be satisfied by 

V - Q-' (38) 

In this way (14) may be expressed in terms of any other wave set in the 

group, and the corresponding value of <J< determined. (The contravanant 
equation (14a), subject to the same transformation, is readily seen to be 
satisfied by x' = xQ so that the scalar xt|< keeps its value unchanged.) 

A particularly important transformation (9) for the purpose of classify- 
ing the group relations of wave sets is («P) ... 1, where (ap) is one of the 
matrices (00), (10) ... (54) of the group itself. If we apply these in 
succession to the wave set (00) ... (05), we get 16 sets, the equations 
constructed from which (since Q = 1) are all satisfied by the same value 
of <1^. These may be called “ equivalent ” sets. As they will be useful 
in the next section, their two-figure designations are given here, the pro- 
ducts being reduced, as explained earlier, on the basis of the “ — / ” 
group multiplication rules. Table I exhibits a complete group of equiva- 
lent wave sets ; any one of the transformations applied to any set merely 
gives rise to one of the other sets in the table. The sets are of two kinds, 
six of the general form, apart from the order, 

(««), («P), (*y), («8), («e), (ag, (39) 

consisting of five anticommuting matrices and unity, and ten of the form 
(«P), (Py). (y«), /(»«). /(.a im. (40) 

Here each set consists of two triads, the first three and the last three terms 
in (40); the matrices of each triad anticommute mutally, but commute 
with each matrix of the other triad. All six matrices nevertheless satisfy 
the condition (5) of “ reciprocal ” anticommution. 

In another important class (“ rotation ” transformations) it is found 
that the general result (37) can be converted into an alternative form 

(4U 


SE.y. «|/' = 0, 
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with Sj,'* = 0 and (J<' = Q~‘ <J» as before. In this form the wave ntatrices 
are unchanged, and the axes of the rotated. The theory as originally 
given by Eddington can be extended to apply to rotations in all the IS 
coordinate planes of a sixfold in which the six s, can be pictured geo- 
metrically. (Eddington developed it only for the 10 planes of a fivefold. 
His transformations were restricted to the form P ... which covers 
the rotation theory of the five terms of the standard equation, but cannot 
be extended to cover a sixth. With the present definition of wave sets, 
however, the transformation possibilities are increased.) 


Table II— Equivalent Wave Sets 


(00) 

(01) 

(02) 

(03) 

(04) 

(05) 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 

(30) 

(31) 

(32) 

(33) 

(34) 

(35) 

(40) 

(41) 

(42) 

(43) 

(44) 

(45) 

(50) 

(51) 

(52) 

(53) 

(54) 

(55) 

(21) 

(02) 

(10) 

((54) 

((35) 

((43) 

(31) 

(03) 

((45) 

(10) 

((52) 

((24) 

(41) 

(04) 

((53) 

((25) 

(10) 

((32) 

(51) 

(05) 

((34) 

((42) 

((23) 

(10) 

(32) 

((54) 

(03) 

(20) 

((15) 

((41) 

(42) 

((35) 

(04) 

((51) 

(20) 

((13) 

(52) 

((43) 

(05) 

((14) 

((31) 

(20) 

(43) 

((52) 

K15) 

(04) 

(30) 

((21) 

(53) 

((24) 

((41) 

(05) 

((12) 

(30) 

(54) 

((32) 

((13) 

((21) 

(05) 

(40) 


The theory is based on the following propostion, easily proved by 
multiplying out the terms; 

If A* = — 1, B being unrestricted, then 

(cos j + A sin B (cos | ± A sin 

= (cos 0 + A sin 0) B, if AB == ± BA, ) 

= B ifAB=TBA. \ 

(The upper signs taken together express one result, and the lower signs a 
second.) 

To apply this we let B be the sum of the E^. in (14), with the E, 
express^ in either of the forms (39) or (40), and let A take any one of the 
15 values (ap) ... (e^). In all cases A will either commute with two 
terms of B and anticommute with the remaining four, or anticommute 
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with two terms, commuting with the remainder. We apply the trans< 
formation denoted by the upper signs of (42) in the first-mentioned con- 
ditions, by the lower in the second; in each case the equation can be 
rewritten in the form (41), in which the .s', are derivable from the by 
a rotation through an angle 0 in the coordinate plane of the j.-sixfold 
corresponding to the selected pair. 

For example, (a^) commutes with (aa) and (a^) in (39), and anti- 
comrautes with (ay) ... (aQ* Using this for A and the upper signs of 
(42), we get for the transformed equation formed from the wave set (39) 

|cos j + (ap) sin 1} {(aa) s^ + (aP) + etc.} |c j + (ap) sin || 4*' 

= [{(aa) cos 0 + (aP) sin 9} Jo + {(«?) cos 6 — (aa) sin 0} Si 

+ unchanged terms] = 0. (43) 

This may be written 

{(aa) (jo cos 0 — sin 0) + (ap) (jj cos 6 + Jq sin 0) 

+ unchanged terms) <{'' “ 0, (44) 

where 

f = (cos^ f-(ap)sin^}-H. (45) 

In' the first form we have the equation with a transformed set of matrices, 
in the second with the original matrices but with the J. rotated in the 
plane siSq. Both forms are of interest. 

If in (43) 0 = 7t/2, the equation becomes 

{(aP) Jo “ («*) Si + unchanged terms) = 0, 

and the matrices of Jq and Ji have been interchanged with a change of 
sign of one term. If 0 = n, we get 

{— (aa) Jo — (aP) Ji + unchanged terms) 4^' = 0, 

and the signs of two terms have been changed without other modification 
of the set. By successive transformations the matrices of the wave set 
initially employed may be arranged in any order, and the corresponding 
effect on 4' determined. Only half, however, of the possible arrangements 
of the signs may be thus obtained. No transformation will change the 
sign of one term alone, or interchange the matrices of two terms without 
a change of sign. Such a modification would transfer the wave set into 
the alternative ±i group of (10), which cannot be done by transformation. 
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7— Relation Between the s- and <J^-Rotations 
By means of the ordering equation a general correspondence becomes 
established between j-vectors obeying Euclidian geometry in a sixfold and 
complex t];-vectors in a fourfold.! Equations (44) and (45) show that, 
corresponding to each coordinate rotation through 0 of the ij; under- 
goes a special complex rotation in its manifold through 0.2. There are 
IS coordinate planes of rotation in the sixfold, and IS complex rotations 
in the fourfold to correspond with them.! 

This peculiar behaviour of the complex (|/, which is so different from that of ordinary 
vectors that a special name “ spinor ” has been accorded to deserves a closer 
examination. The transformation behaviour of 4< is actually determined by the way 
m which it is defined, and we have to distinguish between the different effects of two 
possible definitions. 

(1) If we define i|i as a quantity satisfying the equation 

S - 0 (14) 

(or the equivalent wave equation), and undergoing the transformation 

V = Q-‘ <1- (38) 

when the £• undergo the transformation 

E'. = PE.Q, (9) 

then we get the case discussed above. <|< always satisfies the transformed equation, 
and it undergoes the symbolic 6/2 rotation for each s-rotation 0. 

(2) On the other hand, we might define as the soluuon of (14), viz., 

^i-EE.->s.X, (15) 

with fixed constants for the terms of the arbitrary matnx X. Wc shall then have for 
its transformation law 

r ^ 5 :(PE.Q)->s.X 

= Q-»EE.-‘j.(P-‘X). (46) 

This IS not the same as the iji' of (38>— -P-* enters into lU specification as well as Q-i. 
If P ... Q be the transformation illustrated in (43) which effects a rotation 6 in the 
JiJ, plane of the sixfold, we see that the 0/2 rotation, 

Q-i p-i^ cos I — (ap) sin |, 

comes twice into the expression for <|i", giving effectively the full rotation of 0. In 
fact, if <]i is to be a definite function of the s. and fixed constants, the effect on it of a 
rouition 0 of the s, must necessarily be that given by inserting the rotated values of the 
Su in the expression. 

t It is actually only a null cone of the sixfold that is contemplated, since = 0. 
J C/. Milner, ‘ Proc. Roy. Soc.,’ A, vol. 139, p. 356 (1933). There exists also a 
16th possible rotation (got 1^ putUng in (42) A > 0 which has no application here. 
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We can now see nHue clearly what has implicitly been done in making the first 
d^ition. If in making the transformation (46) we do not regard X as fixed, but 
modify it, giving it the value PX, the result of the combined operation will be to give 
the (jj' of (38). This double operation is always possible, since X is arbitrary, but it 
is not strictly a tranrformatlon. is now no longer a definite function of the s., 
but a function the form of which undergoes change when the rotation transformation 
is applied. 

In certam cases the distinction between the two definitions of <]« becomes important. 
For example, in § 3 il* in its simplest form is shown to be an ordered complex of the s., 
which is changed to another complex when a change is made in the order of the matrices 
in equation (14). Which transformation effects this change? The answer is the 
second form only (46) — ordered complexes may thus be regarded as definite functions 
of the j.. The first form (38) gives a complicated expression for i{>' which, although of 
course it, too, satisfies the ordering equation, does not appear to be useful. On the 
other hand, in dealing with <1' considered purely as a solution of the wave equation 
(20), there is no guarantee that the transformation (46) is always definitely applicable 
to it. Trials have shown that it does apply in many cases of interchange of matrices 
between terms, but it fails when the interchange is between the mass-term matrix 
and another This is a transformation the difficulty of interpretation of which has 
already been referred to (§ S). The “ transformation ” (38), however, will in every 
case give a t|i' which is a solution of the transformed equation ; it is usually a com- 
plicated expression, but is safe to use. 

8 — Wave Set Identities 

These arc based on a discovery of Eddington’sf which in our notation 
may be expressed as follows: 

If A is any four-square matrix which is symmetrical about the leading 
diagonal {At, — A^^), and E. stands for the transposed of E„, then, the 
sum being taken over the six terms formed from a wave set, 

E E.AE. - 0. (47) 

This result may be verified readily for one of the sets in Table II, by using 
the special values for the matrices given in Table 1 ; the following reason- 
ing then proves it to be true generally. __ 

Consider the matnx A' = QAQ, where Q is any matrix and Q its 
transposed. We have, using the summation convention, 

A'h = Q«A,/3u, by definitions of products and Q, 

= QtyAy^Qj,, interchanging i and j, 

— Qu^tiQuf since A is symmetric, 

= A'h,- 


t ‘ Proc. Roy. Soc.,’ A, vol. 133, p. 311 (1931). 
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Hence A' also is a symmetric matrix, and consequently, for the tested 

set, 

S E. (QAQ) E. = 0. 

This equation will still be valid after multiplication, before and behind, 
by any matrices, therefore 

S PE.Q . A . QF.P = 0. 

Remembering the inversion rule for the transposition of matrix products, 

we can write this equation 

S E'.AE'. = 0, 

so that the result (47) is now proved to hold for any wave set obtained 
from the initial one by the general transformation 

E'. = PE.Q. (9) 

It may be noted that the property of wave sets denoted by (47) is of a 
very comprehensive kind, for it implies the equation of 16 separate sums 
to zero, one for each term of the matrix. (47) may be given a more 
extended form by post-multiplying it by P when it beromes 

S E.A’F. = 0, (48) 

where E'. = PE.. (49) 

The identity in this form may be applied to the group of equivalent 
wave sets (Table II), which are related to each other by transformations of 
the type (49). In the rest of this section we shall take the E. to indicate 
any one of these sets, and the E', a^in any one, U., it may be the same 
one as the E. or one of the others. Then for every one of the 256 arrange- 
ments of an E. with an E'. set taken from Table II an equation (48) will 
hold. 

In addition to the scalar product of two arbitrary vectors defined in 
(3), 15 other scalar products, of equal importance in general theory, can be 
defined by means of wave matrices. All 16 are given by the general 
form 

X(«P) 

where (ap) is one of the 16 matrices (00) ... (45) of the group illustrated 
in Table I. The notation there given for special matrices enables their 
values to be written down easily, e.g., 

X(01) + =XK'2I43)4». 

= i {- X^'I't - x**!*! + X*'l'4 + X*'l'i}. 
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These scalars are necessarily unchanged by transposition; thus 

XE.+ = Wx- (50) 

On the other hand, is not a scalar product but a four-square matrix. 
In particuar is a symmetrical matrix We therefore have, for 

any vector tp. 

£ = 0. 

and, postmultiplying by any vector x. 

ee;«i<W.x = o. 


By (50) this may be written 

S (xE'.tJ») . E.4» = 0, (51) 

0 

the quantity in brackets being a commuting scalar product. 

The 256 relations, which are obtained by using for E. and E'. in (51) 
the various wave sets of Table 11, are identities. This means that, when 
actual values (Table I) are inserted for the matrices, the left-hand sides 
reduce algebraically to zero for every t}/ and x- The relations thus state 
nothing about <|/ or x> but denote solely properties of wave sets. Edding- 
ton, who first derived the equation (51) (in a somewhat restricted form 
compared with the above), although he recognized it as an identity, refers 
to it as “ the wave equation ”. Since the function of the latter is to 
determine particular values of which satisfy it, I hardly think it can be 
sound to regard it as synonymous with an algebraical identity. On the 
other hand, it does appear that in (51) there has been discovered a remark- 
able set of solutions of the ordering equation (14), of a character inverse 
to those obtained in § 3. Suppose that in regard to the equations 

£E^.4' = 0, 2 

instead of solving them for «ji, we ask what values of the six will satisfy 
them with arbitrary values of <1^. There are only five equations to deter- 
mine the six unknowns, so that there must be many possible solutions. 
We see now from (51) that systematic sets of such solutions can be stated, 
viz., 

where x (as well as 4*) is arbitrary, and the E,' are any one of the 16 sets 
of Table II equivalent to that us^ in the equation. 
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Finally, we may multiply (SI) by an arbitrary vector and we get 
2(xE'.<^)(^E.4<) = 0. (52) 

in which each brackctted quantity is a scalar._ (52) denotes relations 
between scalar products with arbitrary <]/, and which will be satisfied 
identically on insertion of actual values for the matrices. There will be 
136 identities of this type within the gioup of Table 11—16 in which the 
E, and E', aie matrices of the same row, and 16 x 15/2 — 120 where 
they are of different rows. (The factor 1 12 comes in here because x and 
being arbitrary, may be interchanged in (52) without altering its 
meaning.) 

If we take ^ == x, (52) reduces to denoting relations (now much 
simplified) between one set only of scalar products xE.4'- The 16 first- 
named identities become 

i(xEAy = o, 


and show that, out of the 16 scalar products, 6 may be chosen in 16 
different ways (the E, being given in the rows of Table II) so as to satisfy 
Euclidian geometry in the null-cone of a sixfold. The effect on the 120 
other identities can be seen by considering an example. Take in (52) 

E'. = (00), . . (05), E. = (54), . . . (40), 
and write == X(*P)<I'J then 

jooJtt +JoiV9t +701*718 +7osVn +7 o47o5 +jmJ*o — 0. 

The last two terms cancel and the equation reduces to one of four terms 
only. Further the same reduced equation is obtained on using any one 
of the four pairs of E„ E', sets whose first terms are given by any of the 
paired suffixes of the equation, (00), (54), . ., (03), (21). This simplifica- 
tion occurs with them all and reduces the number of relations to 30. 

The 46 identities expressing relations between the 16 scalar products 
can be classified as follows. Let a^ySci; stand for the numbers 012345 
arranged in any order. Then there are six equations of the form 


10 of the form 
15 of the form 


7 ..* + 7 . 8 * + 7 . 7 * + 7 ..* + jJ + U' - 0, 
7.8* +787* +77-* -Ju* -U -7c.* = 0 , 


and IS of the form 


7 . 778 , + 7 .. 78 . + 7 « 78 . + UM = 0 , 


± ijmjmf +jyj^ +7ri7c8 +Jy{J»> = 0- 
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In the last equations the + or — must be used for the first term accord- 
ing to whether the numbers used for a ... can be brought to the order 
012345 by an odd or an even number of interchanges of figures — ^when 
the wave sets are in the “ — i ” group (and by an even or odd number for 
the “ + / ” group). 

In place of the arbitrary x in the scalar products we may write the 
conjugate transposed of but, although the scope of the relations is 
narrowed down, no further mathematical simplification is_ obtained 
thereby. On the other hand, in wave theory the 16 scalars (ap ) 
stand to some extent for quantities which have a physical significance. 
Four of them, for example, make their appearance in the conservation 
equation which every wave equation satisfies, and represent in four dimen- 
sions the flux of the probability distribution associated with the electron. 
Attempts have been made by some writers to express the whole set of pro- 
ducts in terms of a four-dimensional geometrical scheme, but the general 
relations between them, (53), are not of a kind that can be fitted naturally 
into four dimensions — z. much wider scheme is required for them. Such 
a scheme has been developed by Eddington, in his five-dimensional theory 
of the space-time of the world, in which sets of five scalar products are 
identified with space-time coordinate. We shall not, however, attempt 
to follow up this abstruse theory, the object here being purely to classify 
and systematize the mathematical results. 

Summary 

There are reasons for believing that the “ wave matrices ” made use 
of in the first order wave equation should be defined by the condition 
E.->E^ = - E, >E., 

rather than by E.E, = — E^E., 

the equation on which they are based in standard theory. It is shown that 
the new definition enables the matrices, and the “ wave sets ” formed from 
them, to be developed into closed groups, and the relations between 
them, such as the numerous “ wave set identities ”, to be classified and 
made amenable to a complete treatment, which cannot be done on the 
old definition. A further consequence is that the wave equation, in its 
general mathematical form, finds place in it for six terms, as against the 
five occurring in Dirac’s equation. The properties of the matrices are 
applied also to draw certain inferences about the mathematical form of the 
accurate solution of the wave eqiiation, which are tested by examining 
in detail the known solution for the hydrogen atom. 
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Spectra of SeO and SeO* 

By R. K. Asundi, Mohd. Jan-Khan, and R. Samuel 
(Communicated by Sir C. V. Raman, F.R.S. — Received 28 April, 1936) 
[Plate 1] 

An analysis of the near ultra-violet bands of SO„ proposed recently* 
has shown, that the energies of excitation are almost eqiial in SO and SOj 
and that the frequency of the symmetric valence vibration of SO, is 
about equal to the vibrational frequency of SO not only in the ground 
states of the two molecules, but also in their respective excited states. 
These results seem to be of considerable interest, particularly with regard 
to the theory of valency, since they indicate that the S=0 bond is almost 
identical in both molecules. It seemed necessary, therefore, to investigate 
the spectra of SeO and ScO* in order to see whether such results are 
fortuitous or whether they are confirmed by the analysis of similar mole- 
cules. Such an investigation appeared desirable also, from the point of 
view that the method of analysis of the spectra of polyatomic molecules 
has not made so much progress as could be wished for and the bands of 
formaldehydet and sulphur dioxide are indeed the only ones, for which 
a complete vibrational analysis has been offered at the present moment. 
An extension to polyatomic molecules of the clearer insight into the 
constitution of diatomic molecules, afforded by band spectroscopy, seems 
to us essential in the present state of knowledge. 

Emission Spectrum of SeO 

Experimental— Ihs spectrum of SeO has not been described in litera- 
ture. Various methods of producing bands of SeO, however, suggest 
themselves. In analogy with SO the best method probably would be 
one of a discharge through a vacuum tube in running vapour of SeO| or 
with high pressure SeO, vapour. SeO, being a solid with rather a high 
melting point (340° C), such a method could not be adopted because of 
the want of a suitable quartz discharge tube and a suitable furnace. A 
glass discharge tube, with a quartz window for observation, containing 

* Asundi and Samuel, ‘ Proc. Ind. Acad. Sd.,' vo). 2, p. 30 (1933). 

t Dieke and Kistiakowsky, ‘ Phys. Rev.,* vol. 4S, p. 4 (1934); Henberg, * Trans. 
Faraday Soc.,’ vol. 27, p. 378 (1931). 
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SeO, was heated locally by a Bunsen burner, but the spectrum obtained 
showed only bands due to Sej. An arc on 1 10 volts D.C., with a current 
of 2-5 amps, between carbon or metal electrodes filled with SeO„ pro- 
duced again the bands of Sci or the lines of Se as did also the arc on 220 
volts D.C. with a current of 2 to 5 amps. The substance was then intro- 
duced in a solid state and in aqueous solution into the Bunsen flame. The 
flame of the solid substance gave only Se, bands, but the spectrum of the 
flame of the solution showed an unmistakable progression of bands, 
different from those of Set between 4500 and 3200 A. In the hope of 
exciting more vibrational levels of the emitter of these bands and thus 
extending the system, the oxy-coalgas flame giving a higher temperature 
was used. Under this condition the spectrum showed a further set of 
bands towards the ultra-violet until about 2400 A. The bands are all 
degraded towards longer waves ; they are diffuse and in some cases a close 
double head can be distinguished. The intensity of the bands is not at 
all high; and increased exposure only resulted in a more pronounced 
overlap of the bands with the strong continuum of the flame itself. The 
best plates were obtained, in the blue and near ultra-violet regions, with 
an exposure of 45 minutes, and in the ultra-violet region, of about two 
hours, using a Hilger medium quartz spectrograph as the resolving instru- 
ment. 

That the bands in the blue and near ultra-violet are due to the SeO 
molecule is fairly certain. They belong decidedly to a diatomic molecule. 
They appear in the flame of SeOg solution and are similar to SO bands. 
The final plates were measured on the Abbe comparator. On account of 
the diffuse character of the bands and the accompanying continuum 
microphotograms on a recording microphotometer were also taken and 
the band heads measured with the same comparator. The final values 
of wave-lengths of the band heads were obtained from readings taken on 
two directly measured plates and three photometer plates. The agree- 
ment among various values of the same band heads was not as satis- 
factory as one would desire. This is due to the inherent diffuseness of 
the bands and in some cases also to the overlap of OH bands which made 
it diflicult to spot bands lying in that region. The values accepted are 
therefore correct only to about 1 or 2 A, i.e., to about 10 or 20 wave- 
numbers. We have reasons to believe that the weak bands in the further 
ultra-violet, however, belong rather to the SeO, molecule. 


Analysis-Table I gives the wave-numbers in vacuo of the band heads as 
obtained from the weighted mean of the five measured values. Figs. 1 
and 2, Plate 1, are reproductions of the bands from one of the original 
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plates and its microphotometer plate respectively. The starting point 
for the analysis was the obvious set of bands beginning from the hand at 
30,433 cm~^ towards longer waves. These bands fall into a progression 
with vibrational differences, 873, 866, 849, 835, 848, and 823 cm-^ These 
differences are slightly irregular, as can be seen from Table II, which dis< 
plays the analysis of the bands. The second progression from 30,941 cm“^ 
also fits into the scheme fairly well. 


Table I — List of Observed Bands 


V vac. cm-* 

vvac. cm-* 

SeO bands 

Further ultra-violet bands 

25341 

33948 

26164 

35765 

27012 

36777 

27847 

37252 

27909 

37681 

28694 

38228 

28760 

38575 

(29223) 

39075 

29274 

39498 

29560 

39972 

30076 


30139 


30433 


30941 



The first progression is evidently n' = 0 and therefore the second is 
v' = 1. But it is doubtful whether the band at 30,433 cm"^ is the (0, 0) 
band. Most probably it is not ; because the molecule SeO should resemble 
SO, the intensity distribution here should be characterized by a wide 
Condon parabola whose apex would certainly not be at (0, 0) but would 
lie at a band with a higher value of n". From this point of view we think 
that in Table 11, x will have a value of 3. This would place the origin at 
about 33,102 and 33,167 cm“^ respectively for the two heads and the first 
vibrational difference of the final state will be about 910 cm“^. The v' — 0 
progression in Table II as it is, can be expressed by the following formula : 

The existence of apparent double heads in this band system which is 
probably due to a transition ’£ -i- ’£ in analogy with Oa and SO, is to 
be regarded as accidental. The head at the shorter wave-length is the 
weaker one, and there is a difference of roughly 65 cm“^ between the two 
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heads. This distance appears to be the average distance between the 
origin and the head of the individual bands, the apparent strong head 
being due to the unresolved lines of the three P branches which should be 
strong and the two P-form Q branches and the two R-form Q branches, 
which all should be weak and which start roughly near about the origin. 

The vibrational function of the initial state cannot be evaluated for 
want of more progressions, but the first frequency difference is ca' = 513 
cm~^ 

The set of weak bands in the further ultra-violet does not seem to 
belong to this system at all. It was by no means possible to arrange 
them as an extension of the present system. Comparison of these bands 
with the absorption bands of SeOt shows that they are really due to the 
SeO, molecule, as can be seen by comparing Table I with Table HI. They 
are identical inside the experimental error, with the bands due to a few 
transitions arising mostly from the vibrationless ground state of the 
molecule SeO,. 

Energy of Disscoation 

Linear extrapolation of the vibrational levels gives a value of 4 -I? 
volts for the energy of dissociation (D) of the ground level of SeO. This 
value agrees very well with what one would expect from the dissociation 
energies of Ot and SO.* It is a general feature throughout the periodic 
system that the dissociation energy runs parallel to the strength of the 
nuclear fields, regardless of the polarity of the molecule.t In a series of 
oxides, in which the field of the O atom remains unchanged throughout, 
D should therefore follow roughly the ionization potential of the other 
atom, and this is true in each individual group of the periodic system, as 
may be seen from the following few examples. 

Since for SO and SeO we have to use the value obtained from linear 
extrapolation, we have given in Table III besides the actual value of 
D(O|)=5'09 directly deduced from the convergence point of the 

Table III 

CO SiO GeO 

D = 10 43 7 8 7-3 volts 

O, SO SeO 

°*° 5 09 [ 

Schumann-Runge bands,* also the value 6 '56 which follows from linear 

• Herzberg, ‘Z. i*ys. Chem.,’ B, vol. 10, p. 189 (1930); Freridu, ‘Phys. Rev.,’ 
vol. 36. p. 398 (1930); Martin. ‘ Phys. Rev.,’ vol. 41, p. 167 (1932). 
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extrapolation. Furthermore, it has been shown* that if we consider 
diatomic molecules built up of atoms of similar groups of the periodic 
system, so that the sum of the numbers expressing the periods of the two 
atoms remains the same, the dissociation energies of such similar mol^ 
cules remains very often rather constant. This is clear from Table IV, 
which refers to their respective ground states. 


CS 

D = 7-75 
SiO 
D - 7-8 


Table IV 

GeS CP PO 

5-7 6-9 6-47 

SnO SiN NS 

5-8 6-2 5-93 


Br, 

2-0 volts 
ICI 

2*1 volts 


According to this, the dissociation of SeO should be about the same as 
that of S|, which on considerations of predissociation and linear extra- 
polation has been estimated as 4-45 volts.f In reality even this value is 
slightly too high. The direct observation of the point of convergence 
yields naturally a more exact value; this has been observed in the absorp- 
tion spectrum of Si vapour by RosenJ as 40,000 ± 1000 cm~*^ = 4-94 ± 
0*12 volts. If we subtract from this, the energy of excitation of the 
term, which is 1 • 14 volts, § we obtain 3*8 ± 0- 12 volts as the energy of 
dissociation of S, in the normal state. The extrapolated value for SeO 
is 4- 17 volts, in good agreement with the above rule. 

The fact that the extrapolated value of SeO agrees with that value of 
S,, which is taken from the convergence limit, is an indication of the 
absence in the SeO bands of such perturbations as destroy the application 
of the linejir extrapolation for the calculation of the energy of dissociation 
of Sf. This is in agreement with the view of Heil,|| according to whom the 
repulsive curve arising from the combination of two unexcited atoms of 
the sixth group intersects the potential curve of the excited state of the 
molecule at lower vibrational levels and finally not at all, with increasing 
atomic numbers. The case of SeO seems already to be near to that of 
Se„ where the repulsive curve does not intersect at all. 


Absorption Spectrum of SeO, 

Experimental — ^The absorption spectrum of SeO, was obtained in the 
usual way, the substance being introduced in an evacuated silica tube, 
* Lessheim and Samuel, * Proc. Ind. Acad. Sci.,’ vol. 1, p. 623 (1933), Sect, 
t Christy and Naude, * Fhys. Rev.,’ vol. 37, p. SK>3 (1931). 
t ‘ Z. Physilc,’ vol. 43, p. 69 (1927). 

S Ruedy, ‘ Phys. Rev.,’ vol. 43, p. 1045 (1933). 

II ‘ Z. Physik,’ vol. 74, p. 18 (1932). 


VOL. CLVn.— A. 
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heated by an electric furnace to various temperatures. As source of 
light the continuous spectrum of hydrogen was used, and as resolving 
instrument a Hilgcr medium quartz spectrograph; copper arc lines were 
utilized as standards. The plates obtained in this way were again run 
through the recording microphotometer and these microphotograms 
measured directly. Figs. 3 and 4, Plate 1, are reproductions of an original 
plate and a microphotogram. 

The wave-lengths ultimately adopted are the weighted means of four 
values obtained by direct measurement of spectrograms and of two of the 
microphotograms. Of the subsidiary maxima observed in the micro- 
photograms, only such as are obtained on both the plates and which do 
not differ in wave-length by more than 0-2 A have been accepted. The 
wave-lengths obtained from each of these six measurements did not differ 
by more than 0 • 5 A and therefore the accuracy of the accepted mean 
wave-length is believed to be not less than 0 2 A or 2 to 6 cm“^ in the 
region covered by the bands. A few of the bands, however, on the extreme 
long and short wave sides respectively, of the system could be measured 
on some of the plates taken at higher temperatures only. The accuracy 
obtained for such bands only is not greater than 1 A in each case, i.e., 
10 to 15 cm Table V gives the wave-lengths in air, wave-numbers in 
vacuo, and their classification with the observed minus calculated values, 
the latter being based on the mean values of the spacings of the vibrational 
levels (Table VII). 


Table V— List of SeO, Bands 


Bands 

X A (in air) 

V cm-* (in vacuo) 

Classification 

o 

o 

a 

3158 1 

31655 

(010)" -> (000)' 

-4 

b 

31160 

32083 

(020)" -+ (020)' 

-1 

b\ 

3107 5 

32171 

(001)" (001)' 

-1-10 

c 

3092 0 

32332 

t t 

ll 

+ 10 
-10 

d 

3070-4 

32560 

(000)" (000)' 

0 

e 

3044-4 

32838 

r(ooi)" -> (Oil)' 
1(011)" (003)' 

1-14 

-4 

f 

3032-8 

32963* 

(010)" (020)' 

-11 

A 1 

3008-9 

33225* 

(000)" ► (010)' 

f2 

A2 

3007-8 

33237 

(010)". ► (002)' 

+5 

B 

2986-5 

33474* 

(001)" (021)' 

-2 

C 1 

2972 8 

33629* 

(010)" (030)' 

+8 

C2 

2963-6 

33733* 

(001)" (003)' 

-2 

D 

2950 9 

33878* 

(000)" - (020)' 

+ 3 

E 

2928-6 

34136 

r(0OO)" - (002)' 
1(001)"- (031)' 

+3 
+ 13 

F 1 

2917 2 

34269* 

(010)" - (040)' 

+9 
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Table V — (continued) 


Bands 

X A (in air) 

V cm“* {tn vacuo) 

Classification 

o - c 

F2 

2915*7 

34287* 

(020)" -> (032)' 

-17 

G 

2906*6 

34394 

r(00l)"- (013)' 
1(011)" (005)' 

-4 

-2 

H 1 

2895 6 

34525* 

(000)" — (030)' 

1 3 

H2 

2894 3 

34541* 

(010)" - (022)' 

„ 6 

1 1 

2884*5 

34658 

(020)" — (060)' 

+ 6 

12 

2872*7 

34800 

r(000) " - (012)' 
1(010)" > (004)' 

+4 

-2 

K. 

2860 8 

34945 

(020)" -> (042)' 

+2 

L 1 

2851*4 

35060* 

(001)" - (023)' 

+ 10 

L2 

2843 4 

35159 

(000) " (040)' 

-2 

L3 

2841 3 

35185* 

(010)" -> (032)' 

-9 

L4 

2839 1 

35212 

(020)" (024)' 

-15 

L 5 

2831 4 

35308 

r(001)" -> (005)' 
\(020)" -► (070)' 

+ 11 
-3 




r(OOO)"- (022)' 

+ 5 

M 

2819 8 

35453 

\ (020)" (006)' 

11 




L(OIO)"-.. (014)' 

- 12 

N 

2800*6 

35696 

( (000)" -* (004)' 
1(001)"— (033)' 

-7 

-3 

O 1 

2790 7 

35823 

f (000)" - (050)' 
1(010)" - (042)' 

+ 13 
-10 

02 

2788*3 

35854* 

(020)" - (034)' 

-20 

03 

2783*0 

35922 

(Oil)" - (007)' 

-4 

04 

2781*9 

35936 

(020)" - (080)' 

-12 

05 

2780*4 

35955 

(001)"- (015)' 

-5 

P 1 

2772*7 

36053 

(001)" - (061)' 

+9 

P2 

2769*5 

36097* 

(000)" - (032)' 

-2 

P3 

2768 0 

36117 

r(010)" — (024)' 
1(020)" - (016)' 

0 

-10 

Qi 

2750 3 

36349 

f (001)" - (043)' 
1(010) " - (006)' 

+ 13 
-5 

Q2 

2748 6 

36371* 

(000)" - (014)' 

+ 5 

R 1 

2739 6 

36491 

(010)" - (052)' 

+9 

R 2 

2738 3 

36508* 

(020)" - (044)' 

-5 

S 

2731*1 

36606* 

(001)" - (025)' 

-6 

T 1 

2721 *0 

36740* 

(000)" - (042)' 

-1 6 

T2 

2719*4 

36762* 

(010)" - (034)' 

- 2 

T3 

2713*9 

36836 

(001)" - (007)' 

+9 

U 1 

2700*8 

37015 

f (000)"- (024)' 
1(020)" - (008)' 

-3 
+ 12 

U2 

2700-2 

37023 

(010)" - (016)' 

+6 

V 1 

2694*0 

37109 

r (000)"- (070)' 
1(010)" - (062)' 

+7 

+6 

V2 

2690*0 

37164* 

(020)" - (054)' 

+2 

W 

2683*3 

37256 

r(000)" > (006)' 
1(001)" - (035)' 

-3 
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Table V — (continued) 


Bands 

Y A (in air) 

V cm-*^ (in vacua) 

Classification 

0 

1 

o 

X 1 

2673-8 

37389* 

(000)" - (052)' 

+ 6 

X2 

2671-1 

37427 

(020)" (036)' 

+ 1 

Y I 

2663-8 

37501* 

(001)" - (017)' 

+ 11 




r(000)" (034)' 

+ 7 

Y2 

2653-7 

37672 

{ (010)" - (026)' 

f3 




L{020)" -* (018)' 

f6 

Y3 

2649-6 

37730 

(000)" - (080)' 

-9 

Y4 

2644-7 

37800* 

(020)" -> (064)' 

+ 5 

Z 1 

2638-4 

37890 

(010)" - (008)' 

-3 

Z2 

2636-7 

37901* 

(001)" (045)' 

+3 

Z3 

2635-9 

37926 

(000)" ^ (016)' 

+ 8 

A' 1 

2629-3 

38022* 

(000) ' -> (062)' 

+6 

A' 2 

2625 9 

38071 

(020)" -> (046)' 

+6 

A' 3 

2620-4 

38151 

(001)" (027)' 

4-9 

B' 1 

2609 2 

38314 

r(OOO)" (044)' 
1(010)" (036)' 

+ 10 
-2 

B'2 

2600-4 

38444* 

(020)" -> (074)' 

-10 

C 1 

2593 3 

38549* 

(001)" -> (055)' 

+ 2 

C'2 

2592-9 

38555 

f (000)" ^ (026)' 
1(010)" (018)' 

-15 

-1 

D' 1 

2584-5 

38681* 

(000)" ^ (072)' 

+6 

D'2 

2583-3 

38697 

(020)" > (056)' 

- 17 

D'3 

2577-6 

38784 ^ 

r(000)" ^ (008)' 
L(OOl)" ► (037)' 

-10 

-5 

E' 1 

2569-1 

38912* 

(001)" -► (083)' 

-2 




aOlO)" (046)' 

+9 

E'2 

2565-7 

38964 

(000)" - (054)' 

Ml 




1(020)" -► (038)' 

-1 

E'3 

2557-0 

39097* 

(020)" (084)' 

+ 6 

F' 1 

2549-6 

39210 -j 

r(000)" (036)' 

L(010)" (028)' 

-7 
+ 2 

F'2 

2542 6 

39318* 

(000)" -> (082)' 

+6 

F'3 

2536-4 

39414* 

(001)" (047)' 

-14 

F'4 

2533-9 

39453* 

(000)" -H. (018)' 

-4 




r (010)" -► (056)' 

-6 

G' 

2524-6 

39598 

(000)" (064)' 

1 12 




1(020)"-^. (048)' 

-6 




r(000)" -> (046)' 

-4 

H' 

2508-5 

39852 

(001)" ^ (075)' 

f 13 




L(010)" - (038)' 

-3 

1' 1 

2495-3 

40063* 

(001)" (057)' 

-14 

r2 

2493-2 

40097* 

(000)" (028)' 

-12 

K' 

2470-1 

40472 

(001) " (085)' 

-4 

L' 

2459-7 

40643 

(020)" (086)' 

0 

M' 

2455-3 

40716 

(001)" -> (067)' 

+6 

O' 

2430-4 

41133 

(000)" (066)' 

-5 

r 

2417-0 

41361 

(001)" - (077)' 

-8 
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Analysis 

The analysis of a band system due to a triatomic molecule is necessarily 
difficult. For a diatomic molecule, on account of a single vibrational 
frequency being involved in either state, the disposition of the bands in 
the spectrogram is rather regular, so that by a mere glance at the plate one 
can often pick out sequences or progressions with a great deal of certainty. 
Even here for molecules for which the intensity distribution of the band 
system arises out of a transition involving a considerable change in inter- 
nuclear distance and frequency of vibration, such a regularity of appear- 
ance is absent, thus rendering the analysis rather difficulL This difficulty 
is further enhanced in a triatomic molecule, where the same type of 
intensity distribution may occur for one or all of the frequencies con- 
cerned. Therefore, an attempt to seek a regularity in appearance is often 
misleading. On account of the large number of bands and on account 
of constant differences which may arise in altogether different ways, e.g., 
from a difference between two entirely different modes of vibrations of the 
same electronic state, it is nearly always possible to find a few bands with 
a constant difference of wave-numbers among the large number of bands 
observed. Such a frequency difference is therefore no definite indication 
of the magnitude of the difference of frequencies of the same mode of 
vibration in the initial and final state. 

Another, and to our mind, preferable method of attack would be to 
select the (0, 0, 0)" -«> (0, 0, 0)' transition first and then try to find an 
analysis which obtains for the ground state such vibrational frequencies 
as are known already from considerations of Raman and infra-red spectra. 
An approximate selection of the vibrationless transition is rendered 
possible from two considerations. First, a comparison of the relative 
intensities of the (0, 0, 0)" -> (0, 0, 0)' band and another one, involving a 
higher vibrational level of the ground state, should show that at higher 
temperatures the latter gains in relative intensity since then the number of 
molecules is increased in the excited vibrational levels of the ground state 
at the expense of the population in the (0, 0, 0)" level. Secondly, the 
(0, 0, 0)'' (0, 0, oy transition may be singled out approximately by 

considerations of the energy of excitation of the molecule. We know 
from a good deal of experimental evidence of the spectra of diatomic 
molecules as well as the absorption spectra of polyatomic molecules in 
the vapour or liquid state and in solution, that in a series of homologous 
molecules the energies of excitation together with the bond energies 
decrease with increasing mass of the molecule, e.g., in SeO| the origin of 
the band system is expected to be shifted slightly towards longer wave* 
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lengths than for SO,. The latter being at 3001 -9 A the origin of the 
SeO, bands might be expected to be slightly higher than this. On the 
other hand, assuming a similar relation for SeO and SeO, as has been 
found for SO and SO„ we may expect the origin of the SeO, band system 
to be nearly at the same wave-length as that of SeO. A slight shift 
towards longer wave-length is, however, to be expected on account of the 
additional repulsive force between the two oxygen atoms, which tend 
slightly to weaken the bond energies. This force, however, should be 
considerably less than in SO„ because of the increased internuclear dis- 
tances due to the increased radius of the central atom. From the above 
figures of the origin of the SeO bands we obtain, therefore, a wave-length 
of about 3020 A as the lower limit. 

The vibrational frequencies of the ground state of SeO, are not known 
either from the infra-red or the Raman spectra. A comparison of the 
known frequencies of SO, with those of the sulphates from Raman effect 
shows that the values from the sulphates give only a lower limit. In the same 
way, the known frequencies of the selenates give a lower limit for those of 
selenium dioxide. On the other hand, the frequencies of SO, will give 
us an upper limit on account of the increased mass of SeO,. The de- 
forming, the symmetric, and antisymmetric valence vibrations of SO, have 
the values ( 0 i = 525, w, = 1150, and «, = 1360 cm“^ respectively. The 
Raman frequencies of the selenates* are 875, 835, 415, and 342 cm~^ and 
the corresponding figures of SeO, should be between these two sets. 

With this preliminary knowledge about the approximate position of the 
origin and the approximate magnitude of the three fundamental fre- 
quencies, an attempt was made to analyse the bands observed in SeO,. 
After several unsuccessful attempts with various possible values for the 
(0, 0, 0)" -> (0, 0, 0)' band, it was ultimately found that starting from the 
band at 32,560 cm~^ as the origin, it was possible to assign the bands 
observed to transitions connected with the frequencies u',, to",, (o'„ and 
w",. 

The analysis is displayed in Tables Va to Vg. It will be seen that for 
the same vibrational spacings from different transitions different values 
are obtained which slightly disagree among themselves. This, we believe, 
is due to the fact that we do not measure the origin of the bands nor even 
their heads but the point of maximum intensity in each band, and the 
distance of this point from the true origin of the band cannot be supposed 
to remain constant in the different transitions in different modes of 
vibration. Such discrepancies are quite well known even in diatomic 


Ganesan, * Proc. Ind. Acad. Sci.,' vol. 1, p. 156 (1934). 
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Table Va— Bands Due to the Simple Transitions 




(0, 0)" 




MOpO)" 

(0p0)N 

0 

1 


2 

0 

32560 

(905) 

31655 


— 


(665) 


(677) 



1 

33225* 

(893) 

32332 


— 


(653) 


(631) 



2 

33878 

(905) 

32963* 

(880) 

32083 


(647) 


(666) 



3 

34525* 

(896) 

33629* 


— 


(634) 


(640) 



4 

35159 

(890) 

34269* 


— 


(664) 





5 

35823 


— 


— 

6 

— 


— 


34658 






(650) 

7 

37109 


- 


35308 


(621) 


- 


(628) 

8 

37730 


— 


35936* 


Table Vb— Bands Due to the Simple Transitions 


(0, 0, t's)" - (0, 0, v^’ 


\(00 v )" 

(OOpIX 

0 

1 • 

0 

32560 

— 

1 

— 

32171 

2 

34136 

— 

3 

— 

33733* 

4 

35696 

— 

5 

— 

55308 

6 

37256 

— 

7 

— 

36836 

8 

38784 

— 


Table Vc — Bands Due to the Cross Transitions 

(0, 0)" -> (0. 0, D,)' 

1 2 

31655 — 

(1582) 

33237 (905) 32332 

(1563) 

34800 — 

(1549) 

36349 (896) 35453 

(1541) (1562) 

37890 (875) 37015 



0 

2 

4 

6 

8 
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Table Vd— Bands Due to Composite Transitions from Ground 
State (0, 0, 0)" 



(0, 0, 0)" (0. 

Vi, v^' 



2 

4 

6 

8 

0 

34136 

35696 

37256 

38784 


(664) 

(675) 

(670) 

(669) 

1 

34800 

36371* 

37926 

39453* 


(653) 

(644) 

(629) 

(644) 

2 

35453 

37015 

38555 

40097 


(644) 

(657) 

(655) 


3 

36097* 

37672 

39210 

— 


(643) 

(642) 

(642) 


4 

36740* 

38314 

39852 

— 


(649) 

(650) 



5 

37389* 

38964 

— 

— 


(633) 

(634) 



6 

38022* 

39598 

41133 

— 


(659) 




7 

38681* 

— 

— 



(637) 




8 . 

39318* 

— 

— 

— 


Table Ve— Bands Due to Composite Transitions from (0, 1, 0)" 



(0,1, 

0) -► (0, Ti, 



2 

4 

6 

8 

0 

33237 

34800 

36349 

37890 



(653) 

(674) 

(665) 

1 

— 

35453 

37023 

38555 



(664) 

(649) 

(655) 

2 

34541* 

36117 

37672 

39210 


(644) 

(645) 

(642) 

(642) 

3 

35185 

36762* 

38314 

39852 


(638) 


(650) 


4 

35823 

— 

38964 

— 


(668) 


(634) 


5 

36491 

— 

39598 

_ 


(624) 




6 

37115 

— 

— 

— 
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Table Vf— Bands Dub to Compositb TBansitions from (0, 2, 0)" 

( 0 , 2 , 0 )" ^ ( 0 , vt, 

i?i\ 2 4 6 8 

0 32332 — 35453 37015 

(664) (657) 

1 — — 36117 37672 

2 — 35212 — — 

(642) 

3 34287* 35854* 37427 38964 

(658) (654) (644) (634) 

4 34945 36508* 38071 39598 

(656) (626) 

5 — 37164* 38697 — 

(636) 

6 — 37800* — — 

(644) 

7 _ 38444* — — 

(653) 

8 — 39097* 40643 — 


Table Vg — ^Bands Due to Composite Transitions from (0, 0, 1)" 


(0, 0, D" -> (0, i;„ v^Y 



0 32171 33733 35308 36836 



(667) 

(661) 

(647) 

(665) 

1 

32838 

34394 

35955 

37501* 


(636) 

(666) 

(651) 

(650) 

2 

32474* 

35060* 

36606* 

38151 


(662) 

(636) 

(650) 

(633) 

3 

34136 

36696 

(653) 

37256 

(645) 

38784 

(630) 

4 

~ 

36349 

37901* 

(648) 

39414* 

(649) 

5 

~ 


38549* 

40063* 

(653) 

6 

36053 

— 

— 

40716 

(645) 


7 — — 39852 41361 

(620) 

40472 — 


38912* 
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molecules, and we have to expect them to a greater degree here. The 
increased accuracy of measurement brings out this discrepancy, which by 
its existence we would rather take as an indication of the essential correct- 
ness and not otherwise of the analysis. 

This choice of the origin is corroborated by intensity measurements at 
different temperatures. That the population of the higher vibrational 
levels will increase with higher temperature as mentioned above, is shown 
in Table VI which gives the relative intensities of a number of bands 
together with their classification, which follows from this choice of the 
origin of the band system. 

Table VI— Relative Intensities of Some Bands at Different 
Temperatures 


Bands 

Relative intensity at 

290“ C, 2 mm pressure 

360“ C, 6 mm 
pressure 

(0, 0, 0)" (0, 0. 0)' 1 
(0.0. 1)"-* (0,0, 7)' J 

1:71 

1:20 0 

(0. 0. 0)" -> (0, 0, 0)' 1 
(0. 6, D" -> (0. 6, ly J 

1:6-9 

1:20 3 

(0, 0, 0) ' ,. (0, 0, 0)' "I 

(0, i,or-> (0, i,6)' J 

1.7-2 

1.20-9 

(0, 0. 0)" (0, 0. 0)' ^ 
(0, 2, 0)" -> (0, 6, 0)' / 

1:5-9 

1 ; 18-3 


Fig. 3 is a graphical representation of the simple transitions and one 
typical set of composite transitions, involved in the production of the 
bands of SeO, whose classification is also shown in Table V. As in SO 2 , 
we again obtain only two frequencies, i.e., to, and u, in the ground state 
and the same two frequencies in the excited state. For each of these 
frequencies in the excited state, eight vibrational levels and in the normal 
state two and one respectively of each mode of vibration are obtained. 
Table VII gives the mean spacings of these levels as obtained by the 
analysis. 

The spacings in the excited state are not regular, but we cannot definitely 
say that they are irregular. Some of the bands can be classified in more 
than one way, as shown in Table V, within the limits of accuracy of measure- 
ment and considering the fact that, far from measuring the origin of 
each band, we do not measure even its head but only the point of maxi- 
mum intensity, which is affected by the overlap of neighbouring bands, we 
can generally say that the progressions are regular and there is no indica- 
tion of pronounced perturbations. 
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Intensity Distribution 

There are a few points of interest regarding the intensity distribution in 
the band system. Of course, it is not possible to come to very definite 
conclusions because in the first place the intensities estimated are relative 
and are deduced directly from the heights of the peaks in the micro- 
photograms. Secondly, in estimating this intensity the influence of 

Table VII— Spacings of Vibrational Levels 

cm-* Diflerence 

0 — 

901 901 

1791 890 

0 ~ 

663 663 

1312 649 

1959 647 

2602 643 

3351 649 

3987 636 

4637 650 

5272 635 

0 — 

1189 1189 

0 — 

790 790 

1573 783 

2364 791 

3143 779 

3926 783 

4695 769 

5456 761 

6234 778 

superposed bands cannot be eliminated. Thirdly, we take only the 
point of maximum intensity of each band and not its integrated value. 
Therefore considerations of intensity distribution which are offered here 
are only qualitative, but it is believed that even such a qualitative descrip- 
tion of the intensity distribution will give us some idea as to the relative 
positions of the three dimensional potential troughs of the two electronic 
states. 

In fig. S we have marked by thick lines those bands, which have got a 


Mode of vibration Level 



6 

7 


8 
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high intensity and possess at the same time only a single classification, 
which excludes to a certain extent the possibility of superposition. Also 
in Tables V to Vo, such bands arc marked by an asterisk. It will be seen 
that in the simple transitions t«>"i -+ the strongest bands are those 
from v", = 0 to u'j = 1,2, and 3, and from u", — I to v\ — 2, 3, 4. In 
the transitions of to"* -► no strong bands occur which have only one 
classification; but the general trend is that the stronger bands have a 
slightly larger Au value. The transitions of w", -> to', are definitely 
weak. Among the composite transitions, those which arise from the 
unexcited vibrational state (0, 0, 0)" (Table Vd) are strongest in com- 
bination with (0, Uj, 2)' and weaker in combination with (0, t>j, 4)'. The 
composite bands which arise from (0, 1, 0)" are also weak (Table Ve). 
Among them the transitions (0, 1, 0)" ->■ (0, v^, 2)' are the most favoured, 
while (0, 1 , 0)" -> (0, u,, 6)', and (0, Uj, 8)' are rather fragmentary. Among 
the transitions from (0, 2, 0)" (Table Vf), however, those which go to 
(0, Vt, 4)' are stronger than those to (0, 2)', or (0, Uj, 6)', or (0, v,, 8)'. 

On the other hand, in transitions from (0, 0, 1)" (Table Vc) the intensity 
appears to decrease in the following order:— <0, 0, 1)" -► (0, v„ 5)' > 
(0, 0, 1)" (0, vt, ly > (0, 0, 1)" ^ (0, 3)', The transition (0, 0, 1)" - 

(0, U|, 1)' is definitely weak. 

These peculiarities indicate that, if we consider the cross-section in such 
a plane of the three dimensional potential troughs, as gives us the Franck- 
Condon curves with respect to to", and to'„ we can say that here we have 
the normal behaviour as in a diatomic molecule for which r\ > r", and 
{o'o< to", ; particularly the turmng points of the vibrational level u", = 0 
will be rather perpendicularly below those of v\ — 2 (the combinations 
with 1 and 3 occurring also) and those of u", = 1 perpendicularly below 
those of v\ — 3 (the combinations with 2 and 4 occurring also). Similar 
considerations indicate that in a plane representing mainly a cross-section 
with respect to to, we find again r', > r'\ and to', < to",, but the differ- 
ence r'o — r", is enhanced as compared to that in the to, plane. This 
view explains also the above peculiarities of intensity distribution among 
the composite transitions. 


Selectiw Ruubs 

Recently Herzberg and Teller* have deduced selection rules for transi- 
tions between the vibrational levels of the electronic terms of poly- 
atomic molecules from considerations of a genoalized Franck-Condon 
prindple and of the symmetry properties of a molecule. According to 
• ‘ Z. phys. Chem.,* B, voL 21, p. 410 (1933). 
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this theory, transitions involving an antisymmetric frequency should occur, 
if at all, with low intensity and only if An(„tii<yno is an even number. 
This rule is rigorously valid so long as the change of internuclear distance 
between normal and excited state is not too big; in case r\ — r'\ is con- 
siderable also odd changes of n(anti.ym) niay occur, the corresponding tran- 
sitions leading with low intensity either to a forbidden electronic level 
or to one which involves a forbidden component of electric moment. 
The spectrum of selenium dioxide shows one peculiarity which is not 
accounted for by Herzberg and Teller’s theory, i.e., that the deforming 
vibration does not occur at all. The deforming vibration is also a 
symmetric one and should therefore appear with greater intensity than the 
antisymmetric valence vibration w,. Naturally we have tried to find 
progressions with distances of about 300 cm~^ to 400 cm-*, which we 
believe will be the order of magnitude of the defonmng vibrations. But 
an analysis on such a basis, appears to be impossible. In this respect the 
band system of SeOi resembles that of SO, completely, and therefore 
it seems likely that the complete absence of the deforming vibration 
rather indicates a principal deficiency of the theory. With respect to the 
selection rule for the antisymmetric mode of vibration to,, however, the 
result of the analysis is an even better confirmation of Herzberg and 
Teller’s theory than that of SO, bands. In sulphur dioxide the Ap, 
selection rule for the antisymmetric mode of vibration was not rigorously 
valid since a few isolated transitions occurred involving an odd change in 
V,. A glance at fig, 5 shows, however, that here, in the case of SeO,, the 
said selection rule is valid in its rigorous form. Thus, among the simple 
transitions there occur only those between v'\ = 0 to p', = 0, 2, 4, 6, and 
8, and from p", = 1 to p', = I, 3, 5, and 7. Among the composite 
iNinds we find transitions from (0, p„ 0)" to (0, p„ p,)' in which p", and 
p'a have various odd and even values, p'„ however, having only the even 
values 0, 2, 4, 6, and 8. Again transitions occur from (0, 0, 1)" to the 
(0, p,, p,)' levels, in which again p', possess odd and even values, v\, how- 
ever, is always odd. Whenever p", has an even value, p', has only even 
values, the o^ ones being absent and whenever p", is odd, p', is odd too, 
the even values being absent. This is indeed a surprisingly good agree- 
ment with the theoretical predictions of Herzberg and Teller, and confirms 
our view that the present method of attack is indeed better suited for an 
analysis of the complicated band systems of polyatomic molecules. 
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Character of the Bonds and Bond Energy 

As IS well known, there exist two different conceptions as regards the 
theory of valency.* It is {)ossible to describe covalent linkage as due 
to an effect of single, non-localized electrons, and such a description 
assumes that the bonding effect due to the degeneracy of the nuclear 
fields predominates compared with that due to the degeneracy owing to 
the equality of the electrons. The other view holds, that such an approxi- 
mation is sufficient only for the description of the term system and elec- 
tronic configuration of the completed and undisturbed molecule, but is 
not a sufficient basis for the theory of valency. According to this con- 
ception, true covalent linkage in normal molecules of the first order (as 
distinct from genuine complex salts and organic ring structures) is due 
to the formation of pairs of electrons, one from each atom; the bonding 
effect IS mainly due to the degeneracy owing to the equality of the elec- 
trons and the bonds are strongly localized between two atoms. Various 
arguments of theoretical and experimental nature have been recently 
put forward in support of the latter view, and the present work was 
originally undertaken also in the hope of contributing to the evidence 
which ultimately will bring about a decision between these two concepts. 


Molecule 

Ongin 

Table VIJI 

Ground state Excited state 

Remarks 

SO 

Vo 

39109 


1118 

<•>"3 

W 1 

623 


_ 

SO, 

_ 

525 

1150 

1360 

_ 

— 

_ 

Raman and infra- 


33303 

— 

1128 

1365 

— 

662 

876 

red spectra 

Band spectrum 

SeO 

33167 


910 

- 

_ 

513 

- 

- 

SeO, 

32560 

— 

901 

1189 

— 

663 

790 

- 


From this point of view the most interesting result is that the vibrational 
frequencies of the normal and the excited states of SeO occur again almost 
unchanged in the symmetric valence vibration of SeOg in its normal and 
its excited states. Also the of the diatomic and the corresponding tri- 
atomic molecules are similar. This is exactly the same behaviour as 
observed earlier in the case of SO and SO„ and we are now able to combine 
the results of both analyses in Table VIll (all figures in cm"^), 

• Cf. literature mentioned by Lessheun and Samuel, loc. cit., and Samuel, ‘ Current 
Sci.,’ vol. 4, April (1936). 
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The values of w" and m' of the diatomic molecule agree, indeed, very 
well with those of u", and u', of the corresponding dioxide. The slight 
increase of the values has to be expected since the repulsive force between 
the two O atoms of the dioxide slightly weakens the bond energy and 
therefore probably slightly increases the internuclear distance. With 
SOj it was possible to show that the molecule undergoes a considerable 
change of form on excitation and cannot be considered any longer 
isosceles. That the agreement between the vibrational frequencies of the 
diatomic and the corresponding triatomic molecule is not quite so good in 
the excited state will be due to this change. The value of the anharmonic 
constant for the symmetric valence vibration of SeOj in the unexcited 
state is also very close to that of SeO. A definite value cannot be given 
because only three vibrational levels are observed. The value, however, 
obtained from these levels being 5-5 cm“S m fair agreement with tox = 
6 cm ^ of SeO, we may conclude that the order of magnitude will be the 
same. 

These considerations are corroborated by thermochemical measure- 
ments. The heat of formation of solid SeOj from solid Se I- gaseous O* 
is 57 • 1 k cal /mol. The atomic heat of formation is obtained according to 
Born’s cycle by adding to this value the energy of dissociation of O* (117 
k cal /mol), the heat of sublimation of solid Se (24 k cal/gm atom), one- 
half of the energy of dissociation of Se* (the vapour consisting of Se, 
molecules until above 1000° C), and finally deducting the energy of sub- 
limation of solid SeO*. The latter not being known we roughly measured 
the point of sublimation as about 470° C. According to Forcrand’s 
rule,* this corresponds to a value for the latent heat of vaporization of 
about 22 k cal. The dissociation energy of Se, is 2 • 63 volts = 59 • 3 k cal / 
mol obtained in exactly the same way as mentioned above for S, from the 
convergence point of the absorption spectrum of Se, (30874 cm~^ — 3-81 
volts) and the measured value of the term of Se (1- 18 volts), t From 
these figures we obtain 205 k cal/mol as the atomic heat of formation of 
SeO, or 102-5 k cal/mol = 4-45 volts for each Se 0 double bond. 
This value is as near to the dissociation energy of the SeO molecule, 
measured spectroscopically to 4-2 volts, as the estimated energy of subli- 
mation of SeO, permits. This result is not surprising, since it has been 
shown recently} from the absorption spectra of the vapours of the 
chlorides and oxychlorides of sulphur, that the bond energy of the 


* Forcrand, ‘ C.R. Acad. Sci. Pans,’ vol. 133, pp. 268, 513 (1901). 
t Rao and Krishnamurti, ‘ Proc. Roy. Soc.,’ A, vol. 145, p. 694 (1934). 
i Asundi and Samuel, ‘ Proc. phys. Soc. Lond.,’ vol. 48, p. 28 (1936). 
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S — Cl. the S = 0 and the S=S bond remains practically unchanged in 
such widely different molecules as S,, SO, SCI,, SOCl,, S|C1„ and SO|. 

The above thermochemical calculations also show that the bond energy 
of the Se — O bond remains the same in the molecules SeO and SeOj, and 
we may therefore take this as characteristic for molecules formed by atoms 
of the sixth group as long as they remain di- or tetravalent, i.e., as long as 
the ^ group of electrons remains on atomic orbitals. The linkage is 
brought about, then, by the four p-clectrons only and the ground state 
of the triatomic molecule arises probably directly from the ground state 
of the diatomic one. 

To our mind these spectroscopical results, supported by thermochemical 
considerations, indicate clearly a strong localization of the bonds. This 
conclusion could not be drawn with any certainty, if we would consider 
the corresponding vibrations of the unexcited molecules only. Indeed, 
the fact that empirical rules, like Morse’s co/^ -- constant for a large 
group of diatomic molecules exist in band spectroscopy shows already 
that (0 is more sensitive to the moment of inertia and less sensitive to the 
bond energy. We know, indeed, that w" is almost the same for the radical 
OH and the OH~ ion with different electronic configurations or for N, 
and CO in spite of the fact that the energy dissociation of N, is much 
smaller than that of CO. 

Therefore, conclusions on the number of valencies or the nearly related 
bond energies based on Raman and infra-red spectra alone, should be 
drawn with great caution only, as the factor of anharmonicity is of equal 
importance. In our case, however, there is correspondence between the 
harmonic frequencies not only of the ground state but also of the excited 
state and furthermore between the energies of excitation and for the 
ground state ; even between the anharmonic constants. Even after the 
excitation of the molecule, i.e., after one electron is transferred to a higher 
quantum group, the two co' values remain almost equal. Finally, the 
determination of the energy of dissociation of SeO makes it possible to 
compare it with the bond energies of SeO}. This shows, indeed, that 
only one of the two double bonds between Se and O or between S and O 
seems to take part in the process of excitation, that only one of the corre- 
sponding internuclear distances is increased in this process, and that the 
energy of excitation seems to be accumulated in only one of the two double 
bonds. The two double bonds seem to act quite independently of each 
other. Described from the view point of the concept of die single-electron- 
bond interpretation of the method of molecular orbitds, the linkage of 
two atoms of the sixth group is characterized (Herzb^g, MuUiken) by 
eight electrons, forming three pairs of bonding and one pair of anti- 
bonding electrons, thus giving two valencies. The same number of 
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valencies is obtained in the electron pair bond inteipretation of the method 
of molecular orbitals in quite a different way. Here only those pairs are 
counted whose electrons originate in different atoms and therefore two 
pairs are obtained irrespective of the presence of the two other pairs, one 
of which originates in our case from Se atoms only and the other from 
the O atom alone (Hund’s method of counting). That pair of p-electrons 
which does not take part in the linkage of SeO, because both electrons are 
originally Se-electrons, will form again two bonding pairs together with 
two electrons of the second O atom in SeOt, and therefore this theory 
describes indeed the linkage of the Sc ~ O bond in SeO and ScOj in a 
completely identical manner. In the single-electron bond interpretation, 
however, the linkage of SeOj is entirely different from that of SeO. Firstly, 
the antibonding electrons of SeO most probably become bonding electrons 
in SeO) and the linkage between each of the O atoms and the central 
atom is now made up of three bonding pairs and resembles the linkage of 
CO, which is indeed described as a triple bond m this theory. This 
distinction between the two SeO bonds in SeO, is, however, already an 
approach to the conception of localized bonds, and we shall' not consider 
this as an argument. But if all non-localized electrons on molecular 
orbitals contribute towards the linkage, the bond of SeO is brought about 
by eight electrons in the field of two nuclei, and that of SeO, by twelve 
electrons in the field of three nuclei. These are two completely different 
cases. Why the bond energies, the energy of excitation, the anharmonic 
constant of the ground states, and the frequency of the symmetric valence 
vibration remain almost unchanged in SeO and SeO, cannot, therefore, 
be explained on the basis of non-localized bonds without great difficulties, 
whereas it is almost the natural outcome of the conception of localized 
bonds. 

Summary 

Ihe emission spectrum of SeO and the absorption spectrum of SeO, 
are analysed. The energy of excitation and the energy of the Se = O 
bond are almost identical in SeO and SeO,, and the vibrational frequencies 
of SeO have almost the same values as the frequencies of the symmetric 
valence vibration of SeO„ both in the normal and the excited state. The 
same is true about the corresponding anharmonic constants of the two 
unexcited molecules; that of excited SeO could not be measured. 

The results indicate strong localization of the two Se = O bonds in 
SeO,. 

The analysis of the band system of SeO, is in complete agreement with 
Herzberg and Teller’s theoretical selection rule for Au,„,ti»ym) for poly- 
atomic molecules. 


VOL. CLVU. — A. 
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A New Method for Investigating Conduction 
Phenomena in Semi-Conductors 

By J. A. V. Fairbrother, Ph.D., F.lnst.P., Research Laboratory of the 
British Thomson-Houston Co., Ltd., Rugby 

{Communicated by F. W. Carter, F.RS. — Received 28 April, 1936) 
[Plate 2] 

Langmuir* has shown that in low pressure gas discharges, that part of 
the discharge usually referred to as the positive column consists of equal 
numbers of positive ions and electrons per unit volume, and to this 
portion he has given the name “ plasma ”. He has shown, moreover, 
that the current passing between cathode and anode is proportional only 
to the diiTerence between the number of electrons passing in the direction 
of cathode to anode across 1 sq cm placed normally to the tube axis and 
the number of electrons passing across the same area in the opposite 
direction. The random electron current density is usually many times 
the anode current density. The electrons in the plasma have been shown 
by Langmuir to have a Maxwellian distribution of velocities and that they 
can therefore have ascribed to them a mean energy, Vc, corresponding to 
a temperature T where, as in the kinetic theory of gases 

Ve-^*T (h 

or 

T = 3 X X KP Kelvin degrees per volt 

= 7730" K per volt. 

In low pressure gas discharges T varies from 5000° K to 30,000° K or 
the mean energy of electrons expressed in electron volts varies from about 
0*5 to 4 volts. 

In a field-free plasma of infinite extent the positive ions acquire a 
Maxwellian velocity distribution. The ratio of random positive ion 
current density to random electron current density is then equal to the 
square root of the ratio of the electronic to the ionic mass. For mercury 

* ‘ Gen. Elect Rev.,’ vol, 26, p. 731 (1923). Langmuir and Mott-Smith, jr., ibid., 
vol. 27, pp. 449, 538, 616, 762, 810(1924). Tonks and Langmuir. ‘ Phys. Rev.,’ vol. 
34, p. 876 (1929). 
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vapour Vimjmaf) = 1 /608. In practice the positives do not have a 
chance to acquire a Maxwellian distribution of velocities by energy 
exchanges and I,/I, is more nearly equal to 400 than 600. Their velocities 
are mainly acquired as a result of the fields existing in the plasma. 

If a plane probe, for instance, a mica-backed metal disk, is placed in 
the plasma and the probe current-probe voltage characteristic is plotted, 
voltages being measured with respect to anode potential, the resultant 
curve may be divided into three parts. Starting with the probe highly 
negative with respect to the anode and decreasing this voltage difference 
by making the probe more positive, a straight line is obtained below and 
parallel to the voltage axis. This current is the positive ion current 
density in the arc multiplied by the probe area. As Langmuir has shown, 
there is built up at the surface of the probe a positive ion sheath of such a 
thickness that the space charge limited current carried across the sheath 
under the voltage difference between the probe surface and the sheath 
outer edge is equal to the number of ions arriving at this edge on account 
of their proper motions in the plasma. The positive ion current per 
square centimetre across the sheath is related to its thickness and the 
voltage drop across it by the relation 

, = 2.33xl0-^Vi;- «> 

The outer edge of the sheath is at a small negative potential with respect 
to the plasma (1 or 2 volts), sufficient to repel the majority of the electrons 
which likewise reach the sheath on account of their proper motions. 
The characteristics of the type of discharge used by the author in the 
work about to be described is shown in fig. 1, in which the line AB is an 
extrapolation of the straight piortion of the positive ion current-voltage 
curve obtamed at high negative voltages. 

At about —40 volts, not shown in the figure, the curve begins to bend 
sharply upwards, and it is at this point that the fastest electrons in the 
plasma are no longer prevented from reaching the probe. As the negative 
voltage is still further decreased the electron current more than counter- 
acts the positive ion current to it. This is the part CD. It is to be noted 
that the electron temperature at the surface of the probe and hence the 
mean velocity is still the same as in the plasma. The effect of the negative 
voltage on the probe, measured with respect to the plasma, is simply to 
decrease the electron density at its surface in accordance with the Boltz- 
mann equation 

= e~w. 


( 3 ) 



52 


J. A. V. Fairbrothcr 


The curve CD rises so steeply that its complete course is represented 
by the curve EF in which the cunent is represented on a scale reduced a 
thousand fold. When the potential of the probe rises to a value such that 



Fio. 1 — Cylindrical probe characteristic in a mercury vapour arc. Vapour pressure 
corresponding to room temperature of 21® C. Cylindrical tungsten probe; 
length 2-55 cm, diameter 0 016 inch. Arc current 0-4S amp; arc voltage 23 
volts; electron temperature 32,000® K. 

electrons are no longer repelled but are accelerated towards it, there tends 
to be built up an electron sheath around it Were it not for factors of 
which no account is taken in the elementary theory, such as ionization due 
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to collision in the sheath and of an alteration in the condition of the 
plasma itself due to the electron current drain upon it the curve for a 
plane probe would again become horizontal to the voltage axis. 

In practice the curve EF becomes less steep and for a cylindrical probe 
is represented by the portion GH, fig. 1 . The point of intersection X of 
this straight portion GH with the extrapolated portion EF according to 
the Boltzmann relation gives approximately the plasma potential. The 
plasma potential is about 8-5 volts negative with respect to the anode. 
The potential of —21 volts at the zero current point is the potential 
taken up by an insulating surface placed in the plasma, the glass walls of 
the discharge vessel, for example, and is about 2 volts above cathode 
potential. 

Consider now Boltzmann’s equation (3), we have, by taking the 
logarithms of both sides 

log nprolM. log npiaam* — — V , 

Since /ipiuma is a constant and /fp,oi,e is proportional to the probe current 
log I— const. = 

or the slope e/kT of the log i voltage curve enables the electron temjjera- 
ture to be determined since ejk is known. From the slope of the log / 
voltage curve shown in fig. 1 the electron temperature is calculated to 
be about 32,000° K. The theory as applied to plane probes can only 
be applied to the use of a cylindrical probe, such as was used in obtaining 
the data shown in fig. 1, with strict limitations. With cylindneal probes 
the probe current is dependent upon the sheath thickness which in turn 
depends upon probe voltage. On this account the positive ion current 
part of the curve, of which AB is the prolongation, is not horizontal, 
neither is it to be expected that GH will become horizontal. For the 
range EF it is permissible for obtaining a rough estimation of the electron 
temperature to neglect the dependence of probe current on sheath thick- 
ness. The fact that the slope of the logarithmic plot decreases at the 
higher negative voltages is an effect already observexl and reported upon 
by Kovalenko, Rozansky, and Sena* and is due possibly to the inadmissi- 
bility of obtaining the positive ion currents by extrapolation. Un- 
certainty of the value of the positive ion current over the range EF does 
not appreciably affect the logarithmic plot since its value, although 
uncertain, is so small compared with the electron currents to the probe. 

• ‘ Tech. Phys. U.S.S.R.,’ vol. 1. p. 9 (1934). 
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The electron current density cannot be deduced with any accuracy from 
the measurements shown in hg. 1 on account of the uncertainty in the 
height of the point X. A straightforward extrapolation of the fairly 
straight portion GH allows a fair estimate to be made of the plasma 
potential, but this is inadmissible for determining the electron current 
density at plasma potential. Nevertheless, taking the ordinate of the 
point X in the figure as a very rough measure of the electron current, 
this is about 18 x 10“* amps or about 35 mA/sq cm. The diameter of 
the tube used for obtaining these characteristics was about 5 cm, and the 
anode current 450 mA or 23 mA/sq cm. The random current density is 
thus of the same order as the anode current density. 

Voltage Current Characteristics of Probes Coated with a 
Layer of Insulattno Material 

If a cylindrical metal probe or wire coated with insulating material is 
inserted into the plasma its surface will take up a potential such that no 
current will flow to it regardless of the potential of the metal base. If the 
insulating coating is partly conducting, its outer face will take up a 
potential with respect to the plasma such that it can draw from it a 
current equal to the conduction current which is made to flow on account 
of the potential difference between the inner and outer surface of the 
material. If the wire is made negative with respect to the zero current 
voltage, electrons will flow from core wire outwards, and the outer surface 
will assume a sufficiently negative potential to draw from the plasma an 
equal number of positive ions. If the core wire is made positive, electrons 
will flow from the outer surface to the inner, if the conduction across the 
insulating material is electronic and not electrolytic. Assuming the 
outer diameter of the coated probe to be 0 016 inch and the current 
voltage characteristic of the insulating material to be ohmic a current 
voltage curve such as that shown by the broken line of fig. 1 is obtained. 
For any given current the potential of the outer surface of the insulating 
material must be equal to the potential of a bare metal probe taking the 
same current. For any given current, therefore, the voltage drop across 
the insulating coating is given by the horizontal separation of the broken 
curve and curve CD. It is in this manner that the dependence of electrical 
conductivity of alumina on temperature is investigated in this paper. 
For high positive or negative probe core voltages and for small probe 
currents the curve CD can be re^rded as a vertical line without intro- 
ducing any significant enor into the results. In this case if the insulating 
coating has an ohmic resistance the broken curve becomes a straight 
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line through the zero current point. The temperature dependence of 
electrical conductivity was measured by heating the core wire electiically 
and the temperatures deduced from the known temperature coefficient of 
resistance of the core wire.* 

Description of Probe and Apparatus 

The probe used was a tungsten wire 0*010 inch diameter, fig. 2, bent 
into the form of a U of height 38 mm and 5 mm width. This was 
welded vertically to support leads 1 and 2, pas- 
sing through a glass stem 7. A potential lead 
3 was welded to one limb of the U, 16 mm below 
the tip. This position was sufficiently far from 
the extremities to be out of the region of end 
cooling when the loop was heated by the passage 
of a current. The whole was enclosed in a nickel 
cylinder 4, open at the base and held in posi- 
tion by means of the dummy lead 8. The cylin- 
der was closed at its top end by means of a lid 
pierced with two square holes I *5 mm square 
placed on a diameter with their centres distant 
5 mm, so that the limbs of the probe passed 
through them without touching the sides. 

Before enclosing the probe in the nickel case. 

It was sprayed by means of a de Vilbiss spray 
gun with a suspension of pure alumina powder 
in a solution of cellulose nitrate in amyl acetate. 

After a layer about 0 002-0 003 inches thick 
had been formed the probe was placed in an 
atmosphere of hydrogen and raised to about 
1300® C for 5 minutes. The effect of this pro- 
cess was to drive off the volatile constituents 
of the spraying solution and gently to sinter the 
alumina. Subsequent inspection under the microscope revealed a snow- 
like surface of alumina crystals completely free from cracks. It was then 
sprayed again and this time raised to 1500° C for 5 minutes in a hydrogen 
atmosphere. After this treatment the alumina was in the form of a hard, 
solid, continuous coating devoid of cracks, and in a state such that its 
diameter could no longer be reduced appreciably by glowing at the tem- 
perature to be used in the experiments. Such porosity as it possessed 
* Jones and Langmuir, * Gen. Elect. Rev.,’ pp. 310, 3S4, 408 (1927). 



1 3 2 

Fio. 2— Scale drawing of 
probe structure. 
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was due to the manner in which the individual crystals were packed 
together. The diameter of the coated probe was 0-020 inch. The thick- 
ness of the alumina was thus 0 -OOS inch. 

The nickel case was then fixed in position. Its function was to limit 
the effective area of the coated probe and to prevent the plasma reaching 
any of the supporting wires. Throughout the experiments this shield 
was allowed to float so that it assumed the same potential with respect to 
the plasma as the glass walls. The effect was therefore the same as if 
the effective probe length shown in fig. 2 as 11 mm high stood out from 
the glass wall. 

The probe was heated when required by means of a battery connected 
to leads 1 and 2. For a constant heating current the voltage drop was 
measured between leads 3 and 2, and leads 3 and 1. The difference gave 
the voltage drop across that portion of the U of height 16 mm, from which 
its resistance was deduced. The calculated resistance of the part 16 mm 
high (developed length 34-5 mm) at room temperature was 0-0385 ohms 
and that measured was 0 - 038 ohms. As the specific resistance of tungsten 
is changed by impurity contents, such as carbon, check tests were made 
with the object of determining if any change was produced in the cold 
resistance of the alumina coated tungsten probe after sintering on the 
alumina. As no change was observed, the resistance of the wire was used 
throughout the experiments as a measure of its temperature. 

The alumina used was taken from a batch prepared according to the 
processes described by Navias.* It was a dense while powder forming 
with cellulose nitrate and amyl acetate solution a smooth paste com- 
pletely free from lumps. According to Navias, chemically pure alumina 
is fired in a mufllle fuinace at 1000° C to remove water vapour and carbon 
dioxide and is then fired in a hydrogen furnace at 1600° C. At this 
temperattire silica and alkali are vapourized out, and the resultant charge 
after crushing and grinding is a dense white powder of a high degree of 
purity. 

Throughout this work the temperature of the coating material was 
taken to be that of the tungsten core, since calculations of the temperature 
drop due to thermal conductivity across the coating, employing the 
formula 


"27tK4-2*°*^’ 


showed this to be small. Q is the watts liberated per centimetre length 
of the probe, 0^, 0„ and r^, r, being the temperatures and radii of the 

• ‘ J. Amer. Ceram. Soc.,’ vol. 15, p. 234 (1931). 
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inner and outer insulator surfaces respectively. Assuming a value for 
K equal to 0-004 cal/degree/ccm, the temperature drop at 1500“ C is 
about 20“ C. 

The tube used in these measurements is shown in fig. 3, Plate 2, in 
which the cathode is a heated barium oxide coated nickel strip. A 
shield is mounted above the cathode in order to prevent evaporated 
active material from settling on the probe. This tube, into which a 
small quantity of mercury was introduced, was given a thorough bake 
out, all metal parts being outgassed by high frequency and the probe by 
raising it to incandescence. The tube was sealed oflF from the pumps, 
shielded from draughts so as to avoid variations due to changes in mercury 
vapour pressure, and was then ready for use. 


Measurements Between 0 and 1000“ C— Electron Diffusion 
Currents Through Alumina 

The first group of curves taken were numbers, 4, 5, and 6, fig. 4, for tem- 
peratures 1250° K, 920* K, and 300“ K, and for an anode current of 0- 15 
amps. No. 6 is .the volt-ampere characteristic of the probe for zero heating 
current. Except for low voltages near the zero current point, the current 
in the positive quadrant, that is, for the condition in which electrons pass 
from the outer to the inner surface of the probe, is about six times greater 
than that in the negative quadrant. The parts of the curves lying in the 
negative quadrant are drawn to two scales. The full line group is on the 
same scale as those in the positive quadrant. The broken line group 
represents the same curves on a current scale magnified five times. 

For convenience, when electrons flow through the insulator from the 
outer surface to the inner, this is referred to as an electron flow from 
plasma to probe. The currents involved in these measurements are so 
small compared with those that would flow to a bare metal probe of the 
same size that the characteristic of such a probe can be drawn as a vertical 
line through the zero current point without introducing appreciable 
error into the results. If the curves were true conduction characteristics 
of the insulator they should be independent of the electron density in the 
plasma. To test this the set of curves 7, 8, and 9, were taken correspond- 
ing to temperatures 300“ K. 1200“ K, 1320“ K for an anode current of 
0-30 amps, that is, double the electron current density. In the negative 
quadrant curves 6 and 7 for a cold probe are almost coincident, whilst in 
the positive quadrant curve 7 is almost exactly twice as high as curve 6 
for any voltage. 
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The part of the curve in the ne^tive quadrant represents the case in 
which positive ions are arriving at the insulator surface at a greater rate 
than electrons, and these have to be neutralized by an electron current 
from the core to the surface. In the positive quadrant electrons are 
arriving in greater numbers and pass through the coating to the core. In 
view of the fact that the number passing through is proportional to the 
electron density, it seems to the author that the phenomenon presented 
here is that of the diffusion of electrons through the pores of the material 
or along the crystal faces. At the highest positive probe voltage, namely 
150 volts, the electron current for curve 7 is about 14 x 10~* amps or 
36 X 10“* amps per sq cm. For an all-metal probe of the same dimen- 
sions the total electron current to the probe at the zero current point is 
equal to the positive ion current. This was about 80 x 10~* amps. 
Neglecting the slight conduction current, the outer surface of the probe 
takes up a potential slightly positive to the zero current point such that it 
can draw from the plasma an electron current exceeding in magnitude the 
positive ion current by the amount of the electron transmission current. 
The ratio of the number of electrons diffusing through the insulating 
coating to the number impinging upon it is thus about 14/94 or IS%. 
The alumina coating is composed of small crystals, its structure being 
not unlike that of a pile of shot. It seems, therefore, that the diffusing 
electrons are those plasma electrons which shoot through the surface 
spaces between the crystals and are drawn through the interstices under 
the potential gradient along them. The postulate of electron diffusion is 
supported by the fact that the current tends to saturate. If the field is 
siifficient to drag across all the electrons which enter, the current is no 
longer determined by the field but by the plasma density. Careful 
measurements show that for voltages very near the zero current point the 
current is proportional to a power of the voltage greater than imity, 
that is, it is concave upwards, a shape to be expected if the current within 
this range is limited by space charge within the holes. 

The magnitude of the currents observed is seen by inspection of fig. 4 
to be independent of temperature, a fact also to be expected if the effects 
observed are due to electron diffusion. 

More information could have been gained about this phenomenon by 
measuring the electron diffusion current at higher plasma densities. It 
was not possible to do this on account of the limited current which the 
.cathode of the tube could supply. 

Fig. 5 gives the shape of curve 7 (fig. 4) for 20 volts on either side of the 
zero current point. The thickness of the insulating coating is 0*0125 cm, 
hence at 10 volts the field across the layer is about 800 volts per cm. The 
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real conduction currents are represented by those portions of the curves 
in the negative quadrant. 

This result throws some light on results recently obtained by Reimann 
and Treloar* on the electrical conductivity of a mixture of barium and 



Flo. A — Electron diffusion currents through alumina. X Anode current 0 300 amp; 
O anode current 0'150 amp. The same curves on a current scale five tunes 
larger ore drawn m dotted lines. 

strontium oxides at low temperatures. These authors obtained distinct 
types of current voltage curves. At high temperatures the current 
voltage curves were linear at low voltage, whilst at higher voltages they 
bent over towards the voltage axis. At low temperatures the slope of the 

• ‘ Phil. Mag.,’ vol. 12, p. 1073 (1931). 
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current voltage curves increased with increase in voltage. In this paper 
the shapes of even the lowest temperature curves were of the type observed 
by Reimann and Treloar at high temperatures, except that the linearity 
of the part at the origm was not so marked. It seems probable, however, 
that the low temperature curves of Reimann and Treloar for voltages 
above a few volts represent electron diffusion currents through the oxide. 
The deductions of the values of the electrical conductivity made by these 
authors are not necessarily affected as for this purpose they measure the 
current flowing at 0-1 volts. Assuming the thickness of their oxide 
layer to be 0*0125 cm, 0 *1 volts corresponds to a field strength of 8 volts 
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Fio. 5 — Electron diffusion current versus voltage. 


per cm at which value in these experiments the electron diffusion current 
is very small. 

The phenomenon of electron diffusion observed in this work lends some 
support to the theory advanced by Lowry* to explain the mechanism of 
the thermionic emission from oxide coated filaments. This author 
suggests that “ the source of emission is on the composite layer formed 
by occlusion of alkaline earth metal on the surface of the core and that 
the electrons emitted diffuse through the interstices in the oxide coating 
into the vacuum space ”. On this theory Lowry states that “ non-satura- 
tion may be due to a pseudo-space charge formed by occlusion of electrons 
on the surface of the coating particles ”. The shape of the curve in fig. 5 
is certainly remarkably similar to the anode voltage-current characteristic 
obtained from an oxide coated cathode. If proportionality between 
electron diffusion current and the electron current density persists at 
current densities of the order of 100 milliaraps per sq cm, then Lowry’s 
explanation of electron emission from barium oxide coated cathodes 
would appear to be strongly substantiated. These suggestions could be 

• ‘ Phys. Rev.,’ vol. 33, p. 1367 (1930). 



Conduction Phenomena in Semi-Conductors 61 

tested by taking measurements on a cold barium-strontium oxide coated 
probe in a discharge of high random electron current density. 

Reimann and Treloar in criticizing Lowry’s theory of electron diffusion 
consider as evidence against it the fact that the “ conduction ” current- 
voltage curves measured by them show a marked variation with tempera- 
ture. They argue that “ one would naturally expect a current carried by 
electrons diffusing through the spaces between the crystals of a coating to 
depend as little on the temperature as do ordinary space charge limited 
thermionic currents”. Now in the author’s experiments the electron 
diffusion current is indeed seen to be independent of temperature, but it 
is proportional to the electron current density in the plasma. The same 
results are to be expected if the plasma is replaced by a bariated surface. 
The very close proportionality between the thermionic and “ conduction ” 
currents observed by Reimann and Treloar are thus explained if their 
conduction currents are electron diffusion currents, since these and the 
thermionic currents are proportional to the state of activation of the 
bariated nickel surface. 

Varution of Electrical Conductivity at the Zero Current Point 
WITH Temperature from 300® K. to 1800® K 

The voltage applied to the probe was adjusted by means of a potentio- 
meter until the current flowing to it was zero. This voltage was then 
made several tenths of a volt more negative and the electron current 
noted. By making the voltage more negative the electron flow was 
from the inner to the outer surface and errors due to electron diffusion 
through the coating, such as might occur if the probe were made more 
positive, were avoided. The probe was heated by means of a battery 
and the conduction current measured at points within the range 300° K 
to 1800° K. There was a voltage drop along the probe due to the heating 
current which at the highest temperature amounted to as much as 1-8 
volts. On this account the probe heating battery was reversed and the 
conduction current measured again for a small increase in the negative 
potential of the probe. The mean of the readings gave the conduction 
current for an equipotential probe at various temperatures. 

According to A. H. Wilson’s theory* of electronic semi-conductors, 
electrons only become available for conduction when they occupy certain 
allowed energy bands. For insulators at room temperatures the electrons 
occupy levels in a low energy band, the highest energy level of which is 

* ‘ Proc. Roy. Soc.,’ A, vol. 133, p. 458 (1931); vol. 134, p. 277 (1931); vol. 136, 
p. 487 (1932). 
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separated from the lowest of the first allowed band by the width of a 
forbidden band. Those electrons which by thermal excitation arc raised 
into the first allowed band across the gap function as conduction electrons. 
On this theory the conductivity varies with the temperature according to 
the formula 

where <To is a constant. If W, — W, is the energy difference between the 
lowest level of the unoccupied allowed band and the highest filled level of 

w w 

the occupied band then 0„ — — ^ — * where for very small values of T, 

Wo = i(Wi + W^ 
and 

w.-w, 

a = <Tq c“ . 

This formula is valid only for T < 6,. 

The curve obtained by plotting log a, where a is measured in micro- 
amperes per volt, against the inverse of the temperature between the 
range 300® K to 1800® K is shown in fig. 6. 

The curve is divided into three sections AB, BC, and CD. The experi- 
ments did not determine the actual shape of the part CD. Sin^ the next 
point on the curve at 300° K is 10*/T = 33'3, and log <t = 4-473, it is 
obvious that between 300° K and 1200° K the curve is practically hori- 
zontal with a slope which makes the energy difference i (W, — Wi) at 
the most a few tenths, and probably only a few hundredths of an electron 
volt. In this range T is no longer much less than 0„ and the Wilson 
formula does not apply. Over this region, and compared with the 
magnitude of the increase at higher temperatures, the conduction remained 
practically independent of temperature. 

From about 1280° to 1725° K, the section CD, the value of W, — Wj 
deduced from the slope is 2 -9 e-volts. Above 1725° K the slope of the 
curve increases abruptly, and for this portion the value of W, — Wj is 
6 * 6 e- volts. The change is marked by a decrease in the rate of increase of 
conductivity with temperature. It is significant that the change takes 
place at 1725° K or about 1450° C. This is the sintering temperature for 
alumina, a point at which the crystals in a hitherto loosely bound mass 
not yet raisol above 1450° C unite with considerable shrinkage, to form a 
rigid body. This change is a reversible one so that the parts BC, CD 
are again obtained when the temperature is reduced. 
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Voltage-Current Curves for Average Field Strengths of 
0 TO 20,000 Volts per Cm 

A set of voltage current curves at different temperatures for an arc 
current of 0 - 15 amps is shown in fig. 7. Since for any voltage the con- 
duction increases almost exponentially with increase of temperature the 
curves shown have each b«n plotted to a different scale. The curves 
represent the conduction currents obtained for the range in which the 



Fio. 6~Logarithin of the conductivity plotted against the inverse of the absolute 
temperature. A - B (W, - WO 6 6 c-volte; B -C (W, — W,) ^2 9 e-volts. 

probe voltage is decreased from a value which is negative with respect 
to the plasma, that is, when electrons flow from the probe wire through 
the oxide coating to the plasma, to a value which is positive. When the 
probe is positive electrons flow through the oxide from the plasma. The 
parts of the curves lying in the positive right-hand quadrant are deduced 
from those shown in the positive left-hand quadrant by correcting for the 
electron diffusion current. This was effected on the assumption that the 
“electron diffusion current is proportional to the number of electrons 
Arriving at the surface of the probe. 






Fig. 7— Current voltage characteristics for a range of temperatures, corrected for 


electron diffusion currents. 


a was 0- 15, and p the positive ion current to the probe was about 80 x 
10-* amps. Thus the conduction current c can be deduced from the 
measured cunent I. r 

The shape of these curves is the same as that to be expected from 
Wilson’s theory of electronic semi-conductors. The slope of the curves 
becomes rapidly smaller, a few volts from the origin. For a consideraUe 
range of voltage they are almost straight after which the slope increases 
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again. The final increase in slope is not very marked in fig. 7, but the 
experiments indicate that for higher voltages than those shown the slope 
increases rapidly. For low temperatures the curves are symmetrical 
about the origin, and for higher temperatures the conduction is greater 
in the negative quadrant, where the electron flow is in the direction metal — 
oxide — ^plasma. The linear portions of each curve are parallel. On any 
one curve the voltage corresponding to a given current is the sum of the 
barrier voltage between metal core and oxide, the voltage drop across 
the oxide and the barrier voltage from just inside the oxide to its surface. 
It has not been attempted in these experiments to separate the three 
voltage components. It is deduced, however, that if the greater portion 
of the voltage measured is that dropped across the oxide, then the specific 
resistance of the alumina used is some thousand times the normally 
accepted values. If the normally accepted values for alumina arc correct 
then the curves shown in fig. 7 represent the sum of the voltage-current 
characteristics for the two barriers. It is of interest to note that the 
plasma has no work function. The electrical behaviour of scmi-con- 
ductors and semi-conducting surfaces could therefore be investigated 
without the complications introduced by the presence of metal surfaces, 
by placing them between two plasmas and measuring the conduction 
currents passing when the plasmas 9Te raised to a difference of potential. 

The author wishes to express his thanks to the Directors of the B.T.H. 
Co. and to the Chief of the Research Laboratory for permission to carry 
out and publish these observations. He also makes grateful acknow- 
ledgment to his colleague Dr. Ghbor for originally suggesting the possi- 
bility of investigating the electrical conductivity of insulators by probe 
methods, and for his helpful collaboration throughout the experiments. 


Summary 

Using a tungsten wire coated with a layer of insulating material, a 
method is described whereby Langmuir probe methods of measurement 
in a low pressure mercujy discharge can be made to yield information on 
the electrical behaviour of the insulating material. 

For pure aluminium oxide the electrical conductivity is found to vary 
with temperature in accordance with A. H. Wilson’s theory of electronic 
semi-conductors. The Wilson energy differences W, — Wi is found to 
be 2-9 e-volts between 1280° K and 1725° K and 6-6 e-volts at higher 
temperatures. The critical temperature 1725° K is approximately the 
sintering point of alumina. 
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Experimental evidence is given in support of the discovery of electron 
diffusion through alumina. Mention is made of the bearing of this 
phenomenon on the experiments of Reimann, Treloar, and E. F. Lowry 
relating to the thermionic emission from oxide coated cathodes. 

The conduction currents flowing across an alumina layer 0-005 inch 
thick between tungsten and plasma in the forward and reverse direction 
are given at different temperatures for voltages up to 250 volts. At high 
temperatures the conductivity is greater in the direction of electron flow 
from metal to oxide to plasma. 


The Absorption of Light in Caesium Vapour in the 
Presence of Foreign Gases 

By R. W. Ditchburn, Ph.D., Professor of Experimental Philosophy, and 
J. Harding, B.A., FitzGerald Research Scholar, Trinity College, 
Dublin. 

(Communicated by J. Chadwick, F.R.S. — Received 30 April, 1936) 
Introduction 

The absorption of caesium vapour on the short wave-length side of the 
series-limit, alone, and in the presence of helium, has been described in 
earlier papers.* It was shown that helium, at a pressure of a few centi- 
metres of mercury, greatly reduced the absorption at all wave-lengths and 
also produced significant changes in the shape of the absorption curve. 
No theoretical explanation of these results has been given. At this stage 
of the investigation it appeared more desirable to obtain measurements 
of moderate accuracy on a number of gases, rather than to attempt very 
detailed and accurate measurements on one other gas. The present 
paper contains results on the absorption of caesium in the presence of the 
following gases: — neon, argon, krypton, xenon, nitrogen, hydrogen, 
deuterium, and benzene. All these gases give effects qualitatively similar 
to those produced by helium. It is still not possible to give a detailed 
theory of the results, but some empirical generalizations emerge from the 
extensive data now available. 

* Braddkk and Ditchburn, ‘ Proc. Roy. Soc.,’ A, vol. 143, p. 472 (1934); vol. ISO, 
p. 478 (I93S), quoted below aa 1 and 11 respectively. 
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Experimental 

The methods used for the control of temperature were similar to those 
previously described. The photometric technique was the same except 
for one small alteration. In the experiments on the absorption of caesium 
in the presence of helium, the absorption was measured by comparison 
with certain grids. The reduction of light produced by these grids had 
previously been measured and they were us^ m the experiments on the 
absorption of caesium in vacuum. Some of the present experiments 
were carried out in this way, but in the later experiments the absorption of 
caesium in the presence of the foreign gas was compared more directly 
with the absorption of caesium in vacuum, by recording both kinds of 
absorption spectra on the same plate. Suitable calibration spectra were 
also included. This direct comparison eliminated the possibility of 
systematic errors due to imperfect temperature control, etc. It also 
reduced the effect of random errors. 

In the experiments with helium it was necessary to wait, after admitting 
the gas and heating the side tube, for periods of from half an hour up to 
two hours, in order to allow the vapour to diffuse through the gas and to 
establish an equilibrium. The gases used in the present experiments all 
produced larger effects on the absorption than helium at corresponding 
pressures. It was thus possible to work at lower pressures and it was 
sufficient to wait a few minutes to establish equilibrium. This gave less 
time for changes in the experimental conditions and thus increased the 
accuracy of the results. 

On the other hand, a source of error previously of negligible magnitude 
gave serious trouble towards the end of the present experiments. The 
quartz tube is continually being attacked by the caesium vapour, but in 
earlier experiments the effect on the transparency of the end windows 
during one experiment was very small. Comparison spectra taken before 
the absorption spectra usually agreed closely with similar spectra taken 
after the absorption spectra. As the experiments progressed, the attack 
gradually became more rapid, so that the two sets of comparison spectra 
no longer agreed, especially in the ultra-violet end of the spectrum. It 
appeared that the end windows had become slightly etched and that a 
semi-permanent action was taking place. This effect was much more 
marked during the experiments with hydrogen and deuterium than during 
the experiments with the rare gas^. It was possible to apply a correction 
and determine the absorption near the series limit, when the effect was not 
too large. The correction was estimated, using the fact that near the 
series-limit the absorption of the vapour varies rapidly with wave-length 
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whereas the spurious absorption, due to the change in the transmission of 
the windows, varies slowly with wave-length. This correction did not 
enable the absorption in the ultra-violet end of the spectrum to be 
measured, nor were we able to obtain really accurate results for hydrogen 
and deuterium. 


Gas Technique 

The results show that the effects produced by different gases are all of 
the same order and therefore it is not necessary to take very elaborate 
precautions to purify the gases. Usually up to 5% of any likely impurity 
could be tolerated. The following notes indicate the purity of the different 
gases:— 

1— Argon was oxygen free and contained 2% of nitrogen. 

2— Neon was spectroscopically pure. 

3 — Krypton was stated by Messrs. Hilger, from whom it was obtained, 
to be 99-9% pure. The only likely impurities are the other rare gases. 

4 — Xenon contained 2% of krypton. 

5— Nitrogen was prepared from sodium azide. 

6 — Hydrogen was prepared by the electrolytic method and was 
thorou{^ly dried. 

7— Deuterium was prepared by passing deuterium oxide (99 -9% pure) 
over heated copper gauze which has been previously outgassed. 

8 — Benzene was obtained from British Drug Houses. It was found to 
have a good melting point. It was tested and found to be free from 
thiophene. It was redistilled over a drying agent immediately before use. 

The gases were admitted to the absorption tube through a trap con- 
taining copper turnings. This trap was cooled with ice-salt mixture when 
benzene was being admitted, with solid carbon-dioxide for xenon and 
krypton, and with liquid air for other gases. In view of the possibility 
of contaminating the apparatus with mercury when the benzene was 
admitted, this gas was used last, but no absorption due to mercury could 
be observed. Since the X2536 absorption forms a sensitive test for 
mercury we conclude that there was probably no effective contamination. 
The spectrum of the gas was observed visually before and after each 
experiment. It was always found satisfactory except in two or three 
experiments, which were rejected. 

The possibility of chemical reaction between the caesium and the foreign 
gas must be considered. The pressure of the foreign gas was measured 
from time to time during the experiment and except in the experiments 
with hydrogen and deuterium it remained constant. It has bc^ shown 
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that the line absorptioa of caesium in the presence of nitrogen is not 
appreciably reduced, and this gives indirect evidence that the amount of 
caesium present is not reduced by reaction with this gas. With hydrogen 
and deuterium a definite quantity of gas disappeared when the caesium 
was heated, after which the pressure remained constant. Presumably a 
compound was formed and an equilibrium reached. No absorption 
could be attributed to this compound, though possibly some of the 
decrease in the transparency of the windows may have been due to a solid 
compound deposited on them. When corrected for the change in the 
transparency of the windows, the form of the absorption curve was similar 
to that obtained with caesium in vacuum except for small changes similar 
to those produced by the inert gases. Any absorption due to the forma- 
tion of a gaseous compound might be expected to increase with the 
pressure of the foreign gas. It was found that the absorption always 
decreased when the pressure of the foreign gas was increased. Thus we 
conclude that the reaction, if any, did not influence our results. 

After the conclusion of the other experiments, we attempted to measure 
the absorption in the presence of di-cthyl ether, a substance usually 
believed to be inert towards the metals and their vapours at the temperature 
of the present experiments. Change of pressure and the disappearance 
of the caesium line absorption indicated that a fairly rapid reaction was 
taking place. No results could be obtained. The pressure of the foreign 
gas was read on a McLeod gauge during each experiment. All pressures 
so read were reduced by the vapour pressure of the caesium (0*3 mm.) in 
order to obtain the true pressure of the foreign gas. After this correction 
the pressures were reduced to 0° C. by multiplying by 273/T where T is 
the average absolute temperature of absorption tube. T was usually very 
near to 574° absolute. 

Results 

(a) General Reduction of Absorption — Previous work* had shown that 
the most important effect of helium was a reduction of the absorption at 
all wave-lengths. The ratio in which the absorption was reduced varied 
only slowly with wave-length and the reduction of the absorption near the 
series-limit was taken as a measure of this effect. This r^uction could 
be expressed by the equation: 

_ P + 

« Po 

where a is the maximum absorption in the presence of the foreign gas at 


See paper II. 
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pressure p, and ag is the maximum absorption for caesium alone. 
Obviously Po is equal to the pressure required to reduce the absorption to 
half the value obtained with caesium alone. It will therefore be called 
the half-value pressure, though it should be remembered that the reduction 



Figs. 1 and 2 — The ordinates give the values of ix,/a. The numbers are correct for 
successive gas. The symbol for the gas is written immediately above its own 
experiments from which a greater accuracy is to be expected. 

does not follow an exponential law and thus a pressure of gives a 
reduction to one-third of the original value and not to one-quarter. 

The determination of the half-value pressures for the different gases 
was the principal object of the present scries of experiments. The results 
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of the measurements are shown in figs. 1 and 2. ao/a is plotted against 
the pressure of the foreign gas. From the graphs it may be seen that the 
above law is satisfied within the accuracy of the experiments and the 
value of Po roay be obtained by reading off" the pressure corresponding 
to ao/a = 2. 

The following values were obtained: — Helium, 32 ± 2 mm.*; neon, 
13-4 ± 1 mm. ; argon, 8-7 ± 0*3 mm.; krypton, 5-5 ± 0-2 mm. ; xenon, 
2-7 ± 0-2 nun.; nitrogen, 11-4 ± 1 mm.; hydrogen, 3-7 ± 0-5 mm.; 
deuterium, 2-6 ± 0-4 mm.; benzene, 0-9 ± 0-4 mm. These pressures 
have been reduced to 0° C., as explained above {see p. 69). 

It is very difficult to estinute alt the sources of error and to be sure 
that systematic errors have been eliminated, but it is very unlikely that 



Fig. 2. 

neon. For the other gases the zero line has been shiAed one unit for each 
zero line and against its curve. The Jarger circles give the results of the later 


any of the above results is incorrect by more than twice the errors given. 
The internal agreement would suggest a greater accuracy than that 
claimed. It was thought to be more important to obtain a reliable value 
* Included fhxn n. 
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for the ratio of the half-value pressure for hydrogen to that for deuterium 
than to measure either accurately. For this reason a number of experi- 
ments was done in which spectra of absorption in the presence of hydro- 
gen were recorded on the same plate as spectra in the presence of deuter- 
ium. The value of the ratio po (Hj)//!® (D,) was found to be 1 *4 ± 0 - 15. 

Since the above experiments were completed a new series of experiments 
on the absorption of caesium vapour at higher pressures has been com- 
menced. Preliminary measurements show clearly that at pressures above 
1 mm. the absorption does not increase in proportion to the vapour 
pressure. This indicates that the absorption is reduced by the interaction 
of caesium with caesium. A rough preliminary calculation indicates that 
the half-value pressure for this interaction is about 3 - S mm. This is of 
the same order as the value for the interaction of caesium with xenon. 

Considering the results of the measurements for the inert gases and 
nitrogen, wc see that the half-value pressure decreases steadily as the 
molecular-weight increases. The half-value pressure is approximately (but 
not exactly) proportional to the reciprocal of the square-root of the mole- 
cular weight. The rule takes a simple, and perhaps significant, form if 
we consider the number of collisions per second for the different gases. 
We may define a cross-section (o) by the assumption that the number of 
effective collisions is the same for all gases at the half-value pressure. 
This cross-section will contain an undetermined constant, but this does 
not matter as we shall not be concerned with absolute values. For the 
gases helium, neon, argon, krypton, and nitrogen we find that the cross- 
section IS directly proportional to the molecular weight This result is 

shown in fig. 3 where the function or ^ is plotted against 

' V nif 

the molecular weight; (w, ^ molecular weight of caesium and m, = 
molecular weight of the foreign gas). This fraction is proportional to the 
cross-section defined above. Hydrogen and deuterium, considered 
together, obey the same rule. 

Thus it appears that when other factors are unchanged this rule gives 
the effect of changes of molecular weight. The cross-section for benzene 
is larger than we should expect if we only considered its molecular weight, 
but this is not surprising in view of the ring structure and the large 
kinetic theory radius of this molecule. We should also expect the cross- 
section for hydrogen to be large because of its large external field. The 
cross-section for xenon is also larger than would be expected from its 
molecular weight. This departure cannot be explained by experimental 
error unless there is some unsuspected error affecting all the experiments 
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on this gas. The effect may be due to some kind of resonance interaction 
between the caesium core and the xenon atom. 

(b) Changes in the Shape of the Absorption Curve — Apart from the 
general reduction in the amount of absorption, three important changes 
in the shape of the curve of absorption vs. wave-length were observed 
with caesium in the presence of helium. 

1 — The absorption at the far ultra-violet end of the spectrum was 
reduced more than in the region near the series-limit. 



Fig. 3 — Note that the scale for hydrogen and dcutcnum is different from that for the 
other gases. 

2— The maximum in the curve near the senes-limit was shifted towards 
the ultra-violet. 

3 — The steepness of the absorption curve on the long wave-length side 
of the series limit was reduced. 

Experimentally it is difficult to investigate these effects unless they are 
sufficiently large in relation to the mam effect (i.e., the general reduction 
of absorption). Helium was much the most favourable gas for this part 
of the work and was the only one for which quantitative results of accuracy 
could be obtained. The following results show in a qualitative way how 
these effects differ in other gases. 
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1— It was found that for nitrogen, argon, and hydrogen there was no 
large change in the shape of the curve in the ultra-violet region. Changes 
were certainly not larger than those found for helium, though they might 
have been smaller. No results are available for other gases. 

2— The shift of the maximum absorption was measured for argon. A 
curve of shift against pressure was obtained. Like the more accurate 
curve previously obtained for helium,* it showed a shift which increased 
with pressure a little more rapidly than the first power of the pressure. 
The argon pressure for a given shift appeared to be about half the helium 
pressure for the same shift. Thus this effect is larger in argon than in 
helium, but not so large in proportion to the main reduction effect. A 
few rough measurements on neon indicated a result intermediate between 
those obtained for helium and for argon. No measurable shift could be 
obtained with the other gases at the rather low pressures employed. Thus 
the shift must be still smaller in proportion to the main reduction effect. 

3— On the long wave-length side of the series-limit the absorption falls 
approximately linearly until it has reached about 60% of the maximum 

value. The quantity S = ^ . averaged over the approximately linear 

region, was taken as a measure of the steepness. Measurements for 
caesium with argon at different pressures were compared with previous 
(unpublished) measurements for caesium alone and for caesium with 
helium. It was found that the variation of S was given by the equation 

S = i 
A-hBp’ 

where p is the pressure of the foreign gas. A and B are constants. If p is 
in centimetres of mercury (reduced to 0® C.) and X is in Angstrom units, 
the value of A is 21 and the values of B are 17 for helium and 28 for argon. 
These results need correcting for the finite resolving power of the spectro- 
graph. This correction was estimated from photometric measurements 
of Ae shape of a narrow line in this region of the spectrum. The correc- 
tion so estimated takes account of finite width of slit and also makes some 
allowance for halation. Its effect is to reduce the value of A to 14. The 
values of A and B are probably correct within 25%. 

Discussion 

It will be convenient to discuss the changes of shape of the absorption 
curve before considering the general problem. We shall discuss only 
* See paper II, fig. 3. 
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the changes near the series-limit because the other changes are small and 
the experimental data are far from complete. We have, firstly, a change in 
the position of the absorption maximum and, secondly, a change in the 
steepness of the curve on the long wave-length side of the series-limit. 
Both these effects are larger in argon than in helium, in about the same 
ratio. It is not difficult to see that they are both probably aspects of 
the same phenomenon. Let us suppose that in the absence of a foreign 
gas the absorption increases discontinuously at the series-limit. In the 
presence of the foreign gas the atoms are subject to a variable perturbation 
so that the limit is not in exactly the same place for the different atoms. 
We obtain an effect similar to the broadening of an absorption line. In 
an absorption line symmetrical broadening does not lead to a shift of the 
absorption maximum, because the original absorption is symmetrical 



(«) (*) (c) 

Fio. 4. 

about the maximum. At the series limit the absorption is not symmetri- 
cally distributed, so we expect that a synunetrical broadening will lead to 
a shift of the maximum. This is illustrated in fig. 4, where 4<jt represents 
the original absorption curve and Ab represents the effect of symmetrical 
broadening. The form of the experimental curve, which is shown in 
fig. 4c, suggests a slightly asymmetrical broadening. 

We thus regard the sudden change in absorption near the series-limit 
as analogous to the sudden change in absorption inside an absorption 
line. The reciprocal of the function S, which we have defined above, is 
thus analogous to the breadth of an absorption line. Consequently, we 
should expect it to be made up of four parts : (1) a “ natural ” width, (2) a 
part due to the Doppler effect, (3) a part due to interactions between 
caesium and caesium (Holtzmark effect), and (4) a part due to interaction 
between caesium and the foreign gas (Lorentz effect). We should expect 
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(1) and (2) to be negligible under the conditions of our experiments and 
we should therefore expect 1/S to be approximately proportional to 
CP + Bp, where P is the pressure of the caesium and p is that of the foreign 
gas. B and C are constants. When P is constant we should expect 
1 /S = A + Bp which is the result found experimentally. Since the 
vapour pressure of the caesium (when reduced to 0° C.) is only 0-016 cm., 
we require C to be of the order 100 to explain the observed value of A. 
This is considerably larger than the values of B found for helium and 
argon, but this would be expected from the analogy with the Lorentz and 
Holtzmark effects.* This explanation is confined by a few results of 
experiments on caesium at higher pressures. 

Thus the above picture seems to give an adequate qualitative account 
of the results. It appears that with the unperturbed caesium atom a 
sharp change in absorption takes place near the series-limiL This is in 
agreement with the results of Tnimpyt on sodium and also with the 
results of Waible.* The latter calculated the limiting value of the absorp- 
tion for the higher members of the series and found it to be only about a 
fourth of the absorption observed just on the short wave-length side of 
the series-limit, thus indicating a sharp change in the absorption. The 
experimental results are here in conflict with the theoretical calculations 
of Suiguira.| 

We now turn to the discussion of the general problem. Our experi- 
ments clearly indicate a change of transition probability due to the 
presence of the foreign gas. It is of interest to seek evidence of analogous 
effects with other substances. Iodine has a region of continuous absorp- 
tion on the short wave-length side of X4995, corresponding to photo- 
dissociation of the molecule. One of us (J. H.)§ has sought for a change 
in absorption due to the presence of helium, but no effect could be detected. 
The experiments of Kuhn and 01denburg,|| Krelft and Rompe,^ and 
Preston** on emission bands produced by metals in the presence of the 
rare gases may indicate changes of transition probability at certain stages 
of the collision process, though the interpretation of these experiments is 
diflicult. As previously suggested, the experiments of Mrozowskiff on the 

• ‘ Z. Physik,’ vol. 53, p. 459 (1929). 

t Ibid., vol. 71, p. 720 (1932). 

: ‘ J. Phys. Rad.,’ vol. 8. p. 113 (1927). 

§ ‘ Phil. Mag.,’ vol. 21, p. 773 (1936), 

II ‘ Phys. Rev.,’ vol. 41, p. 72 (1932). 

If ‘ Z. Physik,’ vol. 73, p. 681 (1932). 

** ‘ Phys. Rev.,’ vol. 49, p. 140 (1936). 

tt ‘ Z. Physik,’ vol. 91, p. 600 (1934). See also Frank, ‘ Phys. Zeits,’ Sowjet Union, 
vol. 4, p. 637 (1933). 
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continuous absorption of mercury may be explained by a similar effect. 
All these experiments refer to continuous absorption. Direct experiments 
of Fuchtbauer, Joos, and Dinckelacker"' on the line absorption of 
mercury give similar eflfects to those we have observed but of a lower order 
of magnitude. In these experiments a pressure of SO atmospheres pro- 
duces a reduction of absorption by only 25%, a broadening of about 1 A, 
and a shift of about 0 • 5 A. The photoelectric absorption which we have 
investigated differs from the line-absorption m that one of the states con- 
cerned is continuous. Even when we remember that the changes in the 
absorption line are due to the difference of the perturbation of two 
quantized states, our experiments must indicate that the continuous state 
is very much more sensitive to perturbation than the normal state of 
the atom. Although we may expect the continuous state to be very 
easily perturbed, the magnitude of our effects is still surprisingly large. 

The transition probability t depends on the function |rP4iPji/r, where 

1 P41 is the eigenfunction for the normal state and^Pj is that for the 

continuous state. Now the valuej of P41 is very small at distances (from 
the centre of the atom) greater than 3 x 10-** cm. Thus, in order to 
affect the value of the integral by a change in Pj, it is necessary that the 
value of the Pj at distances less than 3 x 10“* cm. from the centre of the 
atom should be altered. At the half-value pressure for helium (whose 
effect is smallest) the concentration is only 10*“ atoms per cc. The mean 
distance from a given caesium atom of the nearest helium atom is 6 x 10-* 
cm. It does not appear likely that interactions of the ordinary van der 
Waals type could produce any appreciable alteration of the atomic field 
at this distance. 

If we remember that the function Pj has to be normalized we may 
consider the matter from a slightly different point of view. If as a result 
of interaction with atoms of the foreign gas the electron in the con- 
tinuous state is made to spend a greater time at large distances from the 
atom, there will be a change in the normalizing factor. This will act so 
as to reduce the value of Pi in the region where P*! is large. Whether this 
effect is 'sufficient to explain our results can be seen only by a detailed 
calculation. It appears to be capable of explaining qualitatively some of 
the features of our results. An elementary argument shows that if the 
additional time spent at large distances from the centre of the atom is 
• ‘ Ann. Physik,' vol. 71, p. 204 (1923). 
t ‘Proc. Cam. Phil. Soc.,’ vol. 25, p. 75 (1929). 
t Set diagram, ‘ Phys. Rev.,’ vol. 39, p. 908 (1932). 
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proportional to the pressure of the foreign gas the variation of absorption 
with pressure will be of the form found experimentally. Also on this 
view we should not expect any effect on the absorption of iodine, where 
there is no free electron. We should also expect that when the wave- 
length of the free electron is of the same order as the distance between the 
atoms, there might be irregularities in the shape of the absorption curves 
due to diffraction effects. Such effects have been found in X-ray spectra 
and explained by Kronig* and Petersen.t In our experiments we should 
expect these effects to be small and to be confined to the region near the 
series-limit. As mentioned in paper II, such irregularities have been 
observed. The wave-length of the corresponding electrons is of the 
right order but the irregularities are too small for quantitative measure- 
ment. 

On the other hand, it does not appear probable that this type of calcu- 
lation would show the correct variation in the effect for different gases. 
In particular, it would appear to give no difference between hydrogen and 
deuterium. Also, we have to consider the variation of the effect with 
wave-length. Our measurements extend from the series-limit to about 
X 2000. The velocities of the corresponding free electrons vary from 
2 ero to about 2'S volts. We should expect that at some velocities the 
electrons would be scattered more than at others (Ramsauer effect). The 
reduction of absorption should show a corresponding variation with wave- 
length. This variation is not found. Despite these difficulties, the calcu- 
lation of the change in the normalization factor seems at present to offer 
the best approach to the theory of our results. 

[Note added in proof, 20 July, 1936. — Since the above was written Dr. 
Hans Motz has made approximate calculations based on an extension of 
the theory of Kronig and Petersen (loc. cit.). A reduction of absorption 
of the right order of magnitude is obtained. The law of variation with 
pressure and the difference between the effects of the different rare gases 
are correctly predicted. More complete calculations are now in progress.] 

We are glad to take this opportunity to express our thanks to Professor 
Werner for the gift of deuterium oxide and for advice on chemical prob- 
lems and to Dr. Massey and Mr. Broderick for helpful discussions of the 
theory. 

Summary 

The continuous absorption of ca^ium vapour in the presence of several 
foreign gases has been measured. 

• • Z. Physik,’ vol. 75, p. 468 (1932). 
t ‘ Z. Physik,’ vol. 76, p. 768 (1932); vol. 80, p. 238 (1933). 
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All gases cause a reduction in the amount of absorption. The pressures 
required to reduce the absorption to half-value vary from 32 mm. for 
helium to 0-9 mm. for benzene. For the rare gases the half- value pres- 
swes decrease with increasing atomic weight. 

The absorption curve near the series-limit is changed in shape, the 
slope of the curve becoming smaller and the maximum absorption being 
shifted to shorter wave-lengths. 

No complete theory is available, but certain simple generalizations are 
given. 


The Structure of Resorcinol 
A Quantitative X-Ray Investigation 

By J. Monteath Robertson, M.A., D.Sc. 

{Communicated by Sir William Bragg, O.M., P.R.S. — Received I May, 
1936) 

Previous investigations of organic crystals* have served to determine 
the dimensions and structure of the aromatic carbon ring and of certain 
simple substituent groups. The hydroxyl group is particularly interest- 
ing, both in relation to chemistry and in the physical explanation of its 
associating properties. A considerable number of metallic hydroxides 
has been studied by X-ray analysis,t and the results show that the occur- 
rence of the — OH group is generally characterized in the solid state by 
unusually small intermolecular distances. It is obviously of the greatest 
importance to study the dimensional properties of these groups in organic 
acids, phenols, and alcohols, but until now few really quantitative investi- 
gations along these lines have been carried out. 

The properties of the phenols, intermediate as they are between those 
of the acids and the alcohols, would lead us to expect the characteristic 
hydroxyl or hydrogen bond distances (2 'S to 2 - 8 A) between the reactive 
groups on adjoining molecules; but the question arises whether this can 
be achieved in the crystal structure without sacrificing the usual minimum 
van der Waals distance of about 3-SA, between some of the aromatic 

• Robertson, ‘ Proc. Roy. Soc.,’ A. vol. 140, p. 79 (1933); vol. 142, p. 659 (1933); 
vol. 150, p. 106 (1935), etc. 

t Summarized by Bernal and Mcgaw, ‘ Proc. Roy. Soc.,’ A, vol. 151, p. 384 (193^, 
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carbon atoms of the molecules. The solution of the present structure 
shows that these two distinct sets of intermolecular distances are, in fact, 
retained without bringing in any intermediate values. 

The simplest member of the series, phenol itself, is difficult to study 
quantitatively owing to its low melting point. Resorcinol has been 
chosen in this investigation because it forms good and comparatively 
stable crystals, which have the added interest of exhibiting in a high degree 
the well-known pyro-electric and piezo-electric properties. Indeed, one 
principal object of this work was to provide the data by which a correlation 
of the physical properties of the crystal with those of the individual 
molecules might be made. 

Crystal Data, Space Group, Formulae 

Resorcinol, C8Hg02, melting point 116" C, belongs to the pyramidal 
class of the orthorhombic system, and the axial ratios are recorded by 
Groth* as 

a: 6: c = 0-9105: 1:0-5404. 

The crystal has been examined by means of the ionization spectrometer 
by Sir William Bragg,t who first determined the axial lengths and the 
general disposition of the molecules in the unit cell. Preliminary data 
from further photographic investigations have been given by the writer. { 
In the descriptions of the structure in the present paper, the a and b axes 
referred to by Groth have been interchanged to secure uniformity in com- 
parisons with other structures. We then find that the (M)/) reflexions are 
halved when h is odd, and the (0^/) reflexions when (A + /) is odd. The 
space group is thus Cj, (Pna). The axial lengths are 

a =-- 10-53 ±0-03, 6 = 9-53 ±0-03, c = 5-66 ± 0-02 A. 

The four molecules of C,H*0, in the unit cell contribute no symmetry of 
their own to the crystal, which is polar, and exhibits the strong pyro- 
electric and piezo-electric properties noted above. The volume of the 
unit cell is 568 A*, and the density of the crystal calculated from this 
figure is 1 -278, which compares with a measured value of 1 -272. The 
total number of electrons in the unit cell, F (000), is 232. 

There is no centre of symmetry in the space group Cl|,(Pna). The 
symmetry elements are twofold screw axes parallel to the c axis; glide 

* ‘ Chem. Kiystallog.,’ vol. 4, p. 85 (1917). 

t ‘ J. Chem. Soc.,’ p. 2766 (1922); “ X-Rays and Crystal Structure,” p. 247 (1925). 

j ‘ Z. Krystallog.,’ vol. 89, p. 518 (1934);-* Nature,’ vol. 136, p. 755 (1935). 
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planes parallel to the (100) place with glides of i (h + c) ; and glide planes 
parallel to (010) with glides of a/2. Thus if we fix attention on one mole- 
cule in the unit cell of the crystal, which we may arbitrarily term “mole- 
cule (1) ”, the operation of these symmetry elements will give rise to three 
other molecules of different orientations. Let x,y,zhe the coordinates 
(expressed as fractions of the axial lengths a, b, and c) of a representative 
point, or atom, on molecule (1). The origin of the x and y coordinates 
is taken on a twofold screw axis, while that of the z coordinate is arbitrary. 
Then the coordinates of equivalent points on the four molecules are 

0)x,y,z\ (2) -- X, - y,\ + z; 

(3)i-:r,i + ;'.i + z; ^ + x, ^ - y, z. 

In the present analysis we have to discover the orientation and structure 
of molecule (I); the relative arrangement of all the molecules m the 
crystal is then easily obtained from the above relations. Diagrams show- 
ing the arrangement of the symmetry elements, and expressions for the 
structure factor of the general plane (hkl),* summed over the above co- 
ordinates, will be found in the “ International Tables for the Determination 
of Crystal Structures,” vol. 1, p. 108. For the.axial zones of reflexions, 
which are discussed in this paper, the structure factor simplifies to the 
following expressions, A and B representing the real and imaginary parts. 
These expressions have now to be summed over all the atoms in one 
molecule. 

(AW)) reflexions : 

A — 4 cos 2nhx cos 2nky when (A + k) is even 
A = — 4 sin 2nhx sm 2-nky when (A + k) is odd 
B-0 


(AO/) and (Okl) reflexions : 


A = 4 cos 27t , cos 2-kIz 
ky 


j = 4 cos 2re ; sin 2itlz 
ky 


= 4 sin 2tz , cos 2nlz 
ky 


when / is even 


when / is odd. 


* F (AfcO == 


SOIL. CLVn.— A. 
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The twofold axis is equivalent to a centre of symmetry in the projection 
of the structure along the c axis. Hence in making a two-dimensional 
Fourier synthesis for the (hkO) zone of reflexions, the ordinary senes for 
the electron density applies 

P >’) == A 2 S F (hidi) cos 2n (hx + ky), 

QO _-cc —00 

the sign of F (AifcO) for each term being given by the sign of A in the pre- 
ceding formulae; the phase constant can only be 0° or 180°. But in 
the projections along the a and b axes, the phase constants may have any 
value. Thus for the b axis projection the series is 

p (.V, z) — — E '2 F (AO/) cos (2 tcAx + Inh — a (AO/) ). 
ac 

n 

The value of the phase constant, a (AO/), is here tan * ^ , due regard being 
paid to the signs of A and B in determining the quadrant m which a lies. 

Experimental 

Large crystals of resorcinol are easily obtained from aqueous solutions, 
but these are not very suitable for photographic purposes. Some very 
fine prisms, elongated along the c axis, were obtained by crystallization 
from benzene, and these were employed throughout this work. One such 
prism, 1-25 mm long, and of nearly square cross-section, side about 
0-40 mm, weighing 0-229 mg, was set for rotations about the c axis. A 
large number of rotation and moving film photographs was made, the 
crystal being completely immersed in a beam of Cu K« radiation. Direct 
comparisons between the very strong and very weak reflexions were 
carried out by means of automatic shutters, while for the absolute values 
of the intensities comparisons with a known standard were made by inter- 
change on the two-crystal moving film spectrometer.* All the films were 
calibrated with a continuous wedge giving linear increments of X-ray 
intensity, and measured on the integrating photometer.! The calculated 
absorption coefficient of resorcinol, |i = 9-34 per cm for X = 1-54, was 
used in correcting the absolute values of the intensities of the principal 
reflexions. 

Similar exposures were made on other crystal specimens mounted for 
rotations about the a and b crystal axes. Care was taken to trim the 

• Robertson, ‘ PhQ. Mag.,’ vol. 18, p. 729 (1934). 
t Robinson, ‘ J. Sci. Instr.,’ vol. 10, p. 233 (1933). 
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specimens so that they presented nearly square cross-sections to the 
rotation axis. The average path of the X-ray beam through the crystal 
was thus nearly the same for all the reflexions in a given zone, and sufiicient 
accuracy was attained by applying a single correction factor to allow for 
the absorption of the X-ray beam. 

In order to check the absolute measurements another smaller crystal of 
resorcinol (0-090 mg) was measured directly on the ionization spectro- 
meter with monochromatic Mo Ka rays. The values obtained were some- 
what higher for the very strong reflexions, and corrections were accordingly 
made. 

The values of the structure factor F were derived from the intensity 
measurements by the usual formulae for the mosaic crystal, and the 
results are given in Table I under “ F measured ” (last column). The 
calculated values of F, and the phase constant a, are derived from the 
results of the analysis given in the next section. 

Table I — Measured and Calculated Values of the Structure 
Factor 

sin 0 a® F F 

hkl X=l-54 calc. calc. measured 

200 0-146 0 12 5 13 

400 0-292 0 13 16 

600 0-438 0 11-5 12-5 

800 0-584 180 10-5 13 5 

10,00 0-730 180 6 7-5 

020 0 162 0 7 5-5 

040 0 323 0 14 5 16 

060 0 484 0 12-5 12 

080 0 646 0 2 <4 5 

0,10,0 0 807 0 1 <5 5 

002 0-272 195 32 36' 5 

004 0-544 211 9 11 

011 0-158 46 45 45 5 

013 0-416 206 12 12-5 

015 0-684 217 4-5 <9-5 

022 0-316 297 9 16 

024 0-567 230 14 5 12-5 

031 0-278 177 16 18-5 

033 0-474 6 10-5 8 

042 0-422 3<» 20-5 25-5 

044 0-632 151 20-5 19 

051 0-426 129 22-5 27 

053 0-574 322 14 11 


O 2 
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Table I — (continued) 



sin 0 

a® 

F 

F 

hkl 

X= 1>54 

calc. 

calc. 

measured 

062 

0-555 

169 

10 5 

9-S 

071 

0-581 

12 

6 

<9 

201 

0 200 

134 

11-5 

11 

401 

0 322 

20 

13 

17-5 

601 

0 459 

41 

17 

20 

801 

0 600 

232 

8 

11 

10,01 

0-743 

351 

5 

<6-5 

202 

0-309 

114 

27 

31-5 

402 

0-399 

63 

15 5 

20 

602 

0-516 

96 

8 

6 

802 

0 645 

352 

14 

17 

203 

0-433 

209 

10 

13-5 

403 

0-502 

352 

8-5 

7-5 

603 

0 598 

213 

5 

<6 

803 

0-713 

141 

14-5 

14 5 

204 

0-562 

3 

6 

<6 

404 

0 617 

324 

10 

7 

604 

0 698 

121 

7 5 

7 

20S 

0-695 

34 

5-5 

<6-5 

405 

0 739 

200 

14-5 

11 

110 

0 109 

0 

I 

3 

210 

0 167 

180 

46-5 

50-5 

310 

0 234 

180 

3-5 

5 

410 

0-303 

180 

19 

20 

510 

0-374 

0 

6-5 

11-5 

610 

0 446 

180 

23-5 

27 

710 

0 518 

180 

15-5 

18-5 

810 

0-590 

180 

5 

4 

910 

0 663 

0 

2 

6 

10,10 

0-735 

0 

0-5 

<5-5 

11,10 

0-«)8 

0 

4-5 

<5-5 

120 

0-177 

180 

32 

37-5 

220 

0-218 

180 

45 5 

52 

320 

0 272 

0 

9-5 

11 

420 

0-334 

180 

15-5 

19-5 

520 

0-400 

180 

1-5 

<2-5 

620 

0-467 

0 

7-5 

12 

720 

0-536 

0 

2 

<4 

820 

0 606 

0 

1-5 

<4-5 

920 

0 677 

0 

7-5 

7-5 

10,20 

0-748 

180 

8 

8-5 

11,20 

0-820 

0 

4 

<5 5 
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Table I— (continued) 
sin 6 «* 

X-1-54 calc. 

F 

calc. 

F 

measured 

130 

0-253 

180 

7 

9 

230 

0-283 

ISO 

5 

9 

330 

0-327 

0 

19-5 

26 

430 

0-380 

0 

7-5 

10 5 

530 

0-439 

— 

0 

<3 

630 

0-501 

180 

4 5 

6 5 

730 

0 566 

180 

4-5 

6 

830 

0-633 

— 

0 

<4 5 

930 

0-701 

0 

1-5 

<4-5 

10,30 

0 769 

0 

0 5 

<5 

11,30 

0 839 

180 

3 

<5 

140 

0-331 

180 

10 

8 

240 

0-355 

180 

11 

12-5 

340 

0 390 

0 

0-5 

<2 5 

440 

0 436 

180 

13 5 

16 

540 

0-488 

180 

11-5 

11-5 

640 

0-544 

0 

9 

11 

740 

0 605 

0 

1-5 

<4 5 

840 

0 668 

0 

1-5 

<4 5 

940 

0-733 

180 

4-5 

6-5 

10,40 

0-799 

180 

0-5 

<5 

150 

0 410 

180 

3 

6 

250 

0-429 

180 

4 

4 

350 

0 459 

0 

5 

7 

450 

0 498 

0 

2-5 

6 

550 

0-544 

0 

9 

6-5 

650 

0-596 

0 

5 

7 

750 

0 657 

— 

0 

<4-5 

850 

0-711 

0 

6 

7 

950 

0-772 

0 

5 

<^5 

10,50 

0-835 

180 

4 

<5 5 

160 

0 490 

180 

10 

11 5 

260 

0-506 

180 

3 

5 

360 

0-532 

0 

3-5 

<3-5 

460 

0-566 

180 

2-5 

3 5 

560 

0-606 

180 

3-5 

3-5 

660 

0 653 

0 

19-5 

20 5 

760 

0-704 

180 

4 

<4 

860 

0-760 

180 

2 

<5 

960 

0 817 

180 

2-5 

<5 5 

170 

0-570 

180 

17 

17-5 

270 

0-584 

180 

2-5 

<4-5 

370 

0-606 

180 

4-5 

<4-5 

470 

0-637 

0 

13 

15 

570 

0 673 

180 

3 5 

<4 5 
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Table I — (continued) 

sin 6 F F 

hkl X=l-34 calc. calc. rrwasuFed 

670 0-715 180 4-5 6 

770 0-762 180 3-3 <3 

870 0-813 180 5-5 7 

180 0-650 180 2 <4-3 

280 0-662 0 3-5 8-5 

380 0-682 0 11 11-5 

480 0-709 180 10 12 

380 0-742 0 10-5 12 

680 0-781 0 0-5 <5 

780 0-824 0 1 <5-5 

190 0-730 0 6 6 

290 0 741 180 3-5 4 

390 0-759 0 13-5 13-5 

490 0-784 0 1 <5 

590 0-814 180 2-5 <5-5 

690 0-848 180 0-5 <5 

1.10.0 0-811 0 1-5 <5-3 

2.10.0 0-820 0 1 <5-5 

3.10.0 0 836 180 4-5 <5-5 

Analysis of the Structure 

The strongest reflexions are given by the (220), (210), (120), (011), and 
the (002) planes, which have structure factors ranging from 52 to 37 
absolute units. But none of these values exceeds about 40% of the possible 
maximum which would apply if all the atoms were in phase, or nearly in 
phase, for any of these large spacing planes. This fact, supported by the 
comparatively small variation in the refractive indices of the crystal 
(Groth, loc. cit.), shows conclusively that no simple parallel arrangement 
of the molecular planes is possible, but that they must be inclined at con- 
siderable angles to the symmetry planes of the crystal. 

In testing various possible structures it is convenient to refer the atoms 
to two molecular axes L and M (compare fig. 7) passing through the 
centre of the benzene ring and lying in the plane of the ring. The centre 
of the ring itself may have any position relative to the symmetry elements. 
Let the coordinates of the ring centre be Xo, y^, ^o. and let the angles which 
L and M make with the a, b, and c crystal axes be Xl» 'J'x,. and Xm. 'J'v. 

The crystal coordinates of an atom A are then given by 
La cos Xl + M* cos Xm + -’fo = -^A 
La cos (J/i. 4- Ma cos + .Vu = >’a 
La cos Mx, + Ma cos Uu -1- Zo = Za 
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where and are the coordinates of the atom relative to the mole- 
cular axes. We have already mentioned that the crystal coordinates, x 
and y, are referred to an orison on a twofold screw axis. The coordinate 
z, measured along this twofold axis, is still undetennined, so we may now 
fix the origin by making — 0, t.e., we choose the origin on the level of 
the centre of the benzene ring. 

Any suggested structure involving a planar molecule can now be 
tested. We may assume a regular benzene ring of the usual dimensions, 
radius about 1 -4 A. The distance of the — OH group from the ring is 
unknown, but this may be taken as roughly of the same order, 1-4 A. 
(These assumptions will first be tested, and later the true values ascer- 
tained by means of a Fourier analysis.) We can now test certain orienta- 
tions by varying x, and m and try various positions for the molecule by 
changing Xq and ya. The simultaneous evaluation of these parameters is, 
of course, a rather formidable task, but a consideration of some out- 
standing feaurcs of the spectra serves to narrow down the search. 

For example, in the (AkO) zone, the (110), (020), and (200) planes all 
give very weak reflexions compared with the strong (220) and (210). 
These results suggest that the parameters and y^ are nearly equal and 
probably of the order of 1 - 5 A, an arrangement which places the mole- 
cules diagonally about the twofold axis of origin. It was at first thought 
the pairs of —OH groups on adjoining molecules (1) and (2) might be 
directed towards each other across this twofold axis ( about 45°) while 
the structure factors for the basal reflexions, F (002) = 36, F (004) = 11, 
suggested that the molecular planes might be inclined at about 33° to the 
c axis («i^ = 147°) ; but tests of these positions revealed no general agree- 
ment with the observed intensities. However, the general position and 
orientation of the molecules seemed plausible. The positions found for 
the benzene rings were therefore retained, but the — OH groups were now 
attached to the opposite sides of the rings, so that on adjoining molecules 
across the twofold axis through the origin they were directed away from 
each other (compare fig. 8). This arrangement, at first sight rather 
unlikely when attention was confined to one pair of molecules, proved 
correct, and a good general agreement with the observed intensities was 
immediately obtained. 

Further movements gradually refined the results, and finally the struc- 
ture factors for the whole {hkO) zone were calculated. From the values 
of the phase constants obtained (+ or — F), a two-dimensional Fourier 
synthesis was made, which gave a projection of the structure along the c 
axis. Careful measurement of this projection led to new and fairly 
accurate values for the interatomic distances and orientation angles With 
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jection, consequently two pairs of carbon atoms (AF and CD) overlap so 
much that they are not separately resolved, but form oval concentrations 
of density. The long axes of these ovals, however, are obviously parallel 
to the line joining the resolved pair of carbon atoms, B and E. Tlic whole 
diagram, in fact, corresponds accurately to the projection of a regular 
plane hexagon, with oxygen atoms attached to the 1 : 3-positions. The 



Fio. 2— -The c axis projection on a smaller scale showinathe relations of a group of 
nine molecules. Each line represents two electrons per A*. 


greatest inclination of the molecule is nearly along the axis L, joining B 
and E, but the other axis M, parallel to the line through the oxygen atoms, 
is also inclined slightly to the plane of the projection. Consequently, the 
oxygen atom H, when seen in this projection of the structure, appears to 
be at a greater distance from the benzene ring, and is much more clearly 
resolved than the other oxygen atom G. But when the actual dimensions 
of the molecule are worked out, these distances are found to be the same. 
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The Structure of Resorcinol 

In the projection along the b axis (fig. 3) the positions of all the atoms in 
the molecule can be observed. But owing to the close approach of the 
surrounding molecules, the average definition of the atoms is not nearly 
so good as in fig. 1 . In fig. S, which gives the projection along the a axis, 
the molecules overlap in pairs, with the result that the individual atoms 
are not resolved at all. 

By putting together the results of figs. 1 and 3, the actual dimensions of 
the molecule and its orientation in the crystal can be ascertained. But 
owing to the better definition of fig. 1, the most accurate results are 
probably obtained by taking coordinates and directions from this diagram 
alone, using the other diagrams merely as a general check on the regularity 
of the structure. Thus it is found that the benzene ring is a regular plane 
hexagon and that the distance between the carbon atoms which best 
accounts for all the results is 1-39 ±0*01 A. The oxygen atoms arc 
essentially equivalent and appear to be symmetrically placnl with respect 
to the ring, although a slight uncertainty affects the position of the less 
perfectly resolved atom G. 

With these regularities in the structure we can obtain the complete 
orientation and dimensions of the molecule from the c axis projection 
(fig. 1). The angles which the axis L (BE) makes with the a, h, and c 
crystal axes are denoted by Xi,. 'i^tt while the corresponding inclina* 
tions of M (GH) are Xw, +M. “m- 

The measured distance between the carbon atoms B and E is 1 -466 A. 
Taking the real distance here to be 2 x 1-39 A, we obtain Further, 
the observed angle between L (BE) and the a axis is 0j, = 26 ■ 5". Thus we 
have 

sin = 0 5201 
cos 4»r, — cos Xl tan Oi, 
cos* Xl + cos* + cos* Wj. = 1 
which gives the orientation of L as 

Xi.- 62-25° cosxl = 0-4656 
76-6° cos ilii = 0-2321 
= 148-65° cos Wj, =- — 0-8540. 

The observed angle between M (GH) and the a axis is 0^ = 135 - 1°, and 
cos (I'm = cos Xm tan 0^ 

cos Xl cos Xm + cos tp,, cos + cos Mj, cos (Oj, = 0 

cos* Xm + cos* + cos* ti>M = 1 
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which gives the orientation of M as 

Xm = 134 05“ cos Xji - - 0-6953 
46-15° cos 0-6929 
tOn = 101 *0° cos coj, — — 0-1908. 

The measured distance between the oxygen atoms G and H is 4-636 A. 
When this figure is corrected for the orientation given above, the real 
distance between G and H is found to be 4-722 A. In a similar way, all 
the dimensions of the molecule can be reconstructed, and the results 
are shown in fig. 7. 


M 



The centres of the hydroxyl groups are thus seen to lie bX !• 36 A from 
the centres of the ring carbon atoms. These groups appear to be slightly 
displaced towards each other, out of the symmetrical position, but the 
amount of the displacement, 1 -5°, is very small. We have already noted 
a small uncertainty in the position of the group G. From the results of 
the b axis projection (fig. 3), this group would appear to be displaced 
slightly more, by from 0-04 to 0-08 A, towards the axis L, and perhaps 
also slightly out of the plane of the ring. This effect, if real, would make 
the model slightly unsymmetrical about the axis L ; the evidence on this 
point, however, is not conclusive, owing to the poor resolution achieved 
in the b axis projection. 
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The molecular dimensions are summarized in Table HI, which gives 
the coordinates of the atoms, in Angstrom units, with respect to the 
molecular axes and the centre of the ring as origin. The coordinates of 
the centre of the ring itself, Xo, >> 0 . with respect to the twofold symmetry 
axis, are obtained by direct measurement from the c axis projection. 

Table III — Coordinates Referred to Molecular Axes 
(Compare fig. 7) 

Coordinates of origin : Xq = 1 -342 A, = 1 ‘288 A 
Atom A B C DEFGH 

L coordinate (A) -0 695 -1-39 -0 695 0 695 1-39 0 695 1 404 1 404 

M coordinate (A) 120 0 -1 20 - 1-20 0 1 20 2 36 -2 36 

When these figures are combined with the orientation angles given 
above, we obtain the coordinates of the atoms referred to the crystal 
axes, £/, 6, and c, and the twofold symmetry axis as origin (Table IV). 
All the explanatory diagrams accompanying the contour maps are pre- 
pared from these figures, atoms being drawn as circles, half-size. The 
accuracy of the coordinates is in general from 0*01 to 0*02 A, but atoms 
A, F, and G are a little less certain. Alternative values are given for the 
X and z coordinates of G, based upon a slightly different interpretation 
of the projections. 

Table IV — Coordinates Referred to Crystal Axes, Origin on 
Twofold Screw Axis 

Atom x\ litxla yA Inyjb zA Inzlc 

A CH 0 18 6 2 1 96 74 1 0-365 23 1 

B CH 0 695 23-8 0 965 36-5 1 185 75-5 

C CH I 185 63 4 0 29 11-1 0 825 52 4 

D C 2-50 85-5 0 615 23-2 -0 365 -23-1 

E CH 1-99 68-0 1 61 60 9 -1-185 - 75-5 

F C 0-83 28-4 2-28 86-3 - 0-825 - 52-4 

G OH 0-355 12-1 3 25 122 8 -1-65 -104-9 

(0-38) (13-0) (-1-70) (-108-1) 

H OH 3-64 124-4 0-02 -0 8 -0-75 -47*6 

Intermolecular Distances and Arrangement of Molecules 
IN THE Crystal 

The dominant feature in this structure is the grouping of the molecules 
in spiral arrays about alternate twofold screw axes, the hydroxyl groups 
of succ^ve pairs of molecules approaching each other to within 
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remarkably short distances of 2 ■ 66 and 2 • 75 A respectively. Owing to the 
slight uncertainty in the position of the hydroxyl group G, the difference 
in these distances is perhaps not significant. The alternative values for 
the coordinates of G, given in Table IV, make these distances of equal 
value, viz., 2 -70 A. The arrangement is best seen from fig. 8, which 
represents the c axis projection, and corresponds to the contoured map of 
fig. 2. The dotted lines indicate the short distances between the hydroxyl 
groups. The origin of the coordinates given in Table IV is at P, and these 
coordinates refer to molecule (1). The coordinates of the atoms in the 
other molecules (2), (3), and (4) can be obtained from the relations on 
p. 81. From these figures all the distances below 4 A between the atoms 
of molecule (1) and the atoms of the surrounding molecules have been 
calculated and are given in Table V. Letters indicate the atoms, suffixes 
the molecule, and an accent indicates a molecule one translation along 
the c axis, which cannot be shown in the projection of fig. 8. 


Table V— Intermolecular Distances 


Oxygen-oxygen ; 

HiG« 

2-66A 

Carbon-carbon : EiB'i 

3*59 A 


GjH', 

2 75 

BiA| 

3-66 

Oxygen-carbon ; 

D,G4 

3 49 

BiF, 

3 68 


HjF* 

3 51 

BiB. 

3 70 


H,A« 

3-53 

D 1 A 4 

3-75 


GiD', 

3-56 

BiE. 

3'75 


AjH, 

3 57 

B,C, 

3 '76 


G,C', 

3-57 

B.D, 

3-79 


GiB'i 

3-65 

E,C', 

3-82 


E 1 G 4 

3-66 

C,A. 

3 83 


F,H', 

3 78 

FiB'i 

3-88 


GiA', 

3 87 

E>C'j 

3-88 


FjH, 

3 89 

QF. 

3-90 


E,H', 

3 96 

FiC, 

3-97 


BiH, 

399 

E,A4 

3-97 


There are clearly two distinct types of intermolecular approach. 
Between the hydroxyl groups the distance is about 2 ■ 7 A. Then there is a 
gap, and the next minimum occurs between oxygen and carbon where 
there are several distances of about 3 -5 A, and then between carbon and 
carbon, where the distances range from 3-6 A. These latter distances of 
3-5 and 3-6 A are characteristic of structures where only van der Waals 
forces are operative between adjacent atoms. But the distances between 
the oxygen atoms indicate hydroxyl bonds of the type recently discussed 
by Bernal and Megaw,* each oxygen atom being closely connected to 


♦ ‘ Proc. Roy. Soc.,’ A, vol. 131, p. 384 (1935). 
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two others on adjacent molecules. This view is confirmed by calculating 
the angles between the hydroxyl bonds indicated by the dotted lines in 
figs. 8 and 9. From the coordinates we obtain the values of the angles as 

G,HiDi 116-3° H',G 4 Hi= 105-5° 

DiHiG« - 116-6° H 1 G 4 F 4 - 117-8° 

G 4 H 1 G 3 - 101 -9° F 4 G 4 H'j = 130-6° 



Fio. 8— c axis projection on the (001) plane. 

It will be noted that all the angles except the last are fairly near the tetra- 
hedral value of 109 -5°. 

It should be especially noted that the dotted lines connecting the hydroxyl 
groups of molecules (1), (4), (2), (3), (1), in fig. 8 , do not form a closed 
circuit connecting these four molecules, but are the projection of a spiral 
array ascending throughout the crystal. The return connexion GjH'i 
leads to a molecule one translation along the c axis. The operation of 
/ 


VOL. CLVIL— A 
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the glide plane of symmetry gives rise to a descending spiral (when taken 
in the same sense of rotation) about the other screw axis, shown in the 
upper left-hand part of the diagram. The arrangement will be clear from 
fig. 9, which gives the same array of molecules projected along the b axis. 



Other Physical Properties 

The optical properties of the crystal recorded by Groth (he. cit.) are 
consistent with the structure described above. The magnetic suscepti- 
bilities have recently been measured by Mrs. Lonsdale,* and they are found 
to agree remarkably well with the orientation of the aromatic rings 
deduced in this analysis. Further work on the electrical properties of the 
crystal is proceeding. 

In conclusion, I wish to thank Sir William Bragg, O.M., Pres. R.S., for 
his interest in this work, and the Managers of the Royal Institution foi the 
facilities afforded at the Davy Faraday Laboratory. I am also much 


‘ Nature,’ voi. 137, p. 826 (1936). 
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indebted to Miss Woodward for assistance in preparing the diagrams of 
this paper. 


Summary 

Resorcinol forms strongly polar crystals, space group C|,(Pna), with 
four asymmetric molecules to the unit cell. A quantitative X-ray investi- 
gation based on absolute intensity measurements of about 100 reflexions 
from the axial zones has led to a complete determination of the structure, 
and the results have been refined by means of three double Fourier 
syntheses giving projections of the molecules along the crystal axes. 
The benzene rings are regular plane hexagons, the distance between the 
carbon atoms being 1 39 0 01 A The centres of the hydroxyl groups 

(oxygen atoms) lie at 1 36 A from the centres of the ring carbon atoms. 
The orientation of the molecule and the coordinates of all the atoms are 
given. 

In the crystal the molecules arc grouped in spiral arrays about the two- 
fold screw axes, the hydroxyl groups of successive pairs of molecules 
approaching each other to within about 2 7 A, an intermolecular distance 
which indicates the presence of hydroxyl bonds. The minimum distances 
of approach between the other atoms on adjoining molecules (carbon to 
oxygen, and carbon to carbon) arc all 3-5 A or more. 
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Absorption Spectra of Four Aldehydes in the Near 
Infra-Red 

By Lotte Kellner 

{Communicated by A. O. Rankine, F.R.S. — Received 1 May, 1936) 


Introduction 

It has been common knowledge for a considerable time that the infra- 
red spectra of organic molecules show a close resemblance to each other. 
It has been possible to attribute some of the bands in these spectra to 
inner vibrations of certain constituents of the molecules (O — H, C — H, 
C=0, etc.), and in recent years the analysis of the fundamental vibrations 
of relatively sunple molecules has been accomplished. In the present 
paper an investigation of the absorption spectra of four aldehydes in the 
near infra-red is described. Hitherto, no attention has been given to the 
intensity of the absorption, the investigators have only been concerned 
with the determination of the positions of the bands. In this paper the 
absorption coefficient of each of the substances under investigation has 
been determined, in addition to the wave-lengths of the bands. Further- 
more, an attempt is made to interpret the absorption frequencies as over- 
tones and combination frequencies of some fundamental vibrations. 

Description of Apparatus 

The spectrometer employed in the present investigation was a prism 
spectrometer of the type ordinarily used in infra-red spectroscopy. The 
silvered mirrors had a focal length of 69 cm and an aperture of 6-5 cm. 
The pnsm was of quartz of the Cornu type with a refracting angle of 
59° 59-0' and a base of 8 • 8 cm. A Wadsworth mirror served to maintain 
the minimum deviation of the light-beam. The light-sources employed 
were a gas-filled tungsten filament lamp of 1000 watts for wave-lengths 
between 1 and 2 (x, and a Nemst filament for wave-lengths greater than 
2 [x. An iron-hydrogen resistance kept the current flowing through the 
Nemst filament constant. The light was focussed on the first slit of the 
spectrometer by a silvered mirror of 53 cm focal length and 9-6 cm 
aperture. The first slit was 0- 15 mm wide, the second 0-14 mm. The 
range of wave-length entering the second slit then corresponded to a 
rotation of the prism through an angle of 20". 
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A Moll-thermopile in connexion with a Moll-galvanometer* served as 
receiving apparatus. The slit of the thermopile was used as the second 
slit of the spectrometer. As the galvanometer was placed on a niche 
in the tiled wall of a basement room, no disturbances occurred. A 6-volt 
battery of large capacity furnished the current {ca. 0-9 amp) necessary for 
the electromagnet of the galvanometer. Readings of the deflexions of 
the galvanometer-mirror were taken by means of a scale and a telescope. 
The distance between the scale and the galvanometer was 2 metres. 

The slit of the thermopile was covered by a quartz window and the 
whole thermopile kept air-tight. This precaution was necessary as the 
open thermopile was affected by the adiabatic fluctuations of the atmo- 
spheric pressure, which gave rise to deflexions of the galvanometer corre- 
sponding to several millimetres of scale reading. In order to protect the 
thermopile from extraneous changes of temperature, it was enclosed in a 
case which was stuffed with cotton wool, and cotton wool was wound 
round the wires which connected thermopile and galvanometer. 

The whole spectrometer, including the thermopile, was enclosed in a 
wooden box to protect it from stray radiation. A brass shutter, which 
could be opened and shut from the seat of the observer, gave the light 
access to the spectrometer. If the lamp was left burning for at least three 
hours before the beginning of observations, the deflexions of the galvano- 
meter-mirror were found to be constant to 0-1-0 -2 mm of scale reading. 

Experimental Procedure 

The prism was adjusted to give minimum deviation for the light of the 
yellow sodium lines and fixed in this position. A divided circle rotated 
together with the prism, and a vernier allowed the angle of rotation to be 
read with an accuracy of 20" The observations of this angle were made 
from outside the box with the help of a totally reflecting prism mounted 
on the vernier, and a telescope. The angles were measured relative to the 
position of the prism when the unresolved yellow sodium lines coincided 
with the middle of the thermopile-slit. This position was noted before 
and after each set of measurements. The wave-lengths corresponding to 
the measured angles were determined in the following way. If S is the 
angle through which the light is deflected and ^ the refracting angle of the 
prism, we have for the refractive index n : 

(•) 

• ‘ Proc. phys. Soc.,’ vol. 35, p. 253 (1923). 
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Taking the position of the yellow sodium lines as zero point, the value of 
S for any other line is obtained by adding twice the angle through which 
the prism must be turned to bring that line to the second slit. According 
to Schdnrock,* the refractive index of quartz is given by the formula 
(where X is measured in fx) : 


«* = 3-5968913 + 


0-01064379 
X»- 0-0106291 


138-20519 
1 1 1 -45202 - X* • 


( 2 ) 


This formula is valid over the range of X here investigated (X 0 -71 — 
2-4 (ji). Using the equations (1) and (2), the values of S were plotted 
against the values of X at intervals of 0 001 tx. In Table I the refractive 
indices of quartz are given together with the dispersive power, resolving 
power, and purity of the prism. If Rf is the resolving power for an 
infinitely narrow slit, P is the resolving power for a finite slit-width (the 
purity), and D is the dispersive power, then 


R = 
P = 
D = 


_„dn 

^</X’ 

( 3 ) 

X _ X ^ 
dX X + <);</ ’ 

( 4 ) 

^ = 5 

dx a ’ 

( 5 ) 


where jf is the length of the base of the prism (=8-8 cm), »{( is the angle 
subtended by the diameter of the collimating mirror at the slit, d is the 
width of the slit, and a is the breadth of the beam leaving the prism. 


Table 1 


Xm [X n 


1-0973 1-33 366 

1-3070 1-53 090 

1-4972 1-32 842 

1- 9000 1 52 263 

2- 1000 1-51 927 


R 


1186 

1140 

1184 

1394 

1534 


P D 

(in |i per 20") 
91 0-0053 

105 0-0053 

121 0 0053 

200 0-0045 

211 0-0041 


In order to verify the method of calibration mentioned above, an 
observation of the absorption curve of water was made. The following 
values were found for the positions of the maxima of absorption (Table 
II). 


* ‘ Z. InstrumKde,’ vol. 48, p. 275 (1928). 
t Baly, " Spectroscopy,” vol. I. 
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The agreement of the present observations with those of other authors 
is satisfactory. The values given in Table il lie between the greatest and 
smallest wave-lengths which have been hitherto recorded. 

Table II 

Previous Mean values of 

observations previous observations 

X in (j. X in (1 

0 97 Collins* 0 985 

0 99 Ellist 

0- 995 Dreischt 

1-200 1-20 Collins 1-198 

1- 185 Ellis 

1 21 Dreisch 

I 470 1-44 Collins 1 463 

I 44 Ellis 

1 475 Dreisch 
I 48 Grantham§ 

I -48 Coblentzll 

1-957 2 00 Collins 1-972 

1 96 Ellis 

I 97 Dreisch 

I 98 Grantham 

I 95 Coblentz 

• ‘ Phys. Rev vol. 36, p. 305 (1930). 
t ‘ J opt. Soc. Amcr.,’ vol. 8, p. 1 (1924). 
t • Z. Physik,’ vol. 30. p 200 (1924). 

§ ‘ Phys. Rev.,’ vol 18, p. 339 (1921). 

il “ Investigation of Infra-Red Spectra,” Washington (1905-10). 

The absorption of four aldehydes in the liquid state was investigated, 
viz., propionic aldehyde, butyric aldehyde, valeric aldehyde, iso- valeric 
aldehyde. The absorption cells were rectangular frames of brass, 2x4 
cm and of varying thickness. Two quartz windows, which were twice as 
long as the frame, were sealed to the two sides of a cell, so as to enclose 
the liquid. The cell was mounted in a holder, which was placed inside 
the box immediately before the first slit. This holder was free to slide 
on two rails so that either the cell containing the liquid or the projecting 
empty ends of the windows was before the slit : two stops kept it in position. 
Using a miCTometer, the thickness of the quartz windows was measured 
first and the thickness of the whole filled cell determined after each set of 


Values 
found 
X in {I 
0 988 
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readings. The difference between these two widths gave the thickness of 
the absorbing liquid. 

The aldehydes under investigation were obtained from the British Drug 
Houses, Ltd., with the exception of the fao-valcric aldehyde which came 
from the Eastman Kodak Company, Rochester, U.S.A. 

The procedure of observation was as follows. After the prism had 
been set for the desired wave-length, several readings of the deflexions of 
the galvanometer-mirror were taken alternately with the absorption cell 
before the slit and then with the quartz windows in the same position. In 
this way, error due to the loss of radiation through reflexion in the quartz 
was eliminated, as the light passed both times through the windows. If 
the average deflexion is Di for the cell before the slit and D* for the windows 
before the slit, the transmission T of the absorbing layer is defined as: 


T defined in this way is independent of the intensity of the incident light 
for the values obtained in this investigation. 

The absorption of the aldehydes was investigated between 1*1 and 
2* 1 p. Each spectrum was taken with three cells of different thicknesses 
(10, 7, and 5 mm up to 1 *6 [i and 3, 2, and 1 mm from 1 *6 to 2* 1 |j.). The 
maxima of absorption, as indicated by the agreement of the results with 
different thicknesses of liquids, could be determined with an accuracy of 
±0*005(1. From the values for the transmission T, the molecular 
absorption coefficient a was calculated according to the formula: 


T-e'S", (7) 

where d is the thickness of the absorbing layer in cm and M the molecular 
weight of the substance under investigation. Since the densities of the 
liquids examined were almost identical, the molecular absorption coefficient 
gives the absorption per equal number of molecules. No correction was 
made for the losses through reflexion at the surfaces of the liquid as no 
data are available for the refractive indices of the aldehydes in this spectral 
region. The limits of accuracy of the absorption coefficient were ± 7% 
for the maxima of absorption and ± 10% for the minima. It follows 
that the determinations of the shapes of the bands are not very exact. 


Experimental Results 

In Table III the positions in wave-numbers v of the maxima of the 
bands are given, together with the data of previous investigations and 
also the corresponding absorption coefficients. 



Table III— Data for Absorption of Aldehydes 

Propionic aldehyde Butync aldehyde Valeric aldehyde /»-valeric aldehyde 
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t ‘ Phys Rev.,’ vol. 33. p. 37 (1929). 
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For the first two aldehydes the figures in column I represent the results 
of the present paper, and those in column II the results obtained by other 
authors. Valeric and /Iro- valeric aldehydes have not been investigated 
before. The data given by Ellis and Sappenfield on propionic and butyric 
aldehyde agree satisfactorily with the present results. The only serious 
discrepancy occurs with butyric aldehyde in the region 8000-9000. Here 
Ellis and Sappenfield found two bands, while one only could be found in 
the present investigation, though the region has been gone over nine 
times with two different samples of butyric aldehyde. Sappenfield found 



Fio. i — Molecular absorption of propionic and butyric aldehydes between 1 10 and 
1 65 (1 «' propionic aldehyde, curve I • butync aldehyde, curve II. 

that the band at 8370 is far stronger than the band at 7855, as occurs with 
propionic and valeric aldehyde (Table III). However, in the present 
investigation the band of butyric and «o-valenc aldehyde in the region 
8000-8100 presumably corresponding to Sappenfield’s 7855, was found 
to be much more intense than the corresponding band of propionic and 
valeric aldehyde and of the same order of intensity as the band 8600. It 
is not possible to give an explanation for this dissimilarity. 

Ellis was able to resolve the broad band in the region 7200 to 6800 into 
two components for butyric aldehyde. In the present investigation only 
ijo-valeric aldehyde showed a (probably incomplete) separation of this 
band, but it is very likely that with higher resolving power it would be 
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separated into several components. A glance at figs. 1 and 2 shows 
indications that this band is complex. 

The very broad and intense band at 1-74 (i (between v6(X)0 and 
V S6(X)) has been resolved into three components, though the resolution is 
by no means complete. Sappenfield gives here only one broad band, 
though his spectrometer had a resolving power approximately three times 
as great. But as his apparatus was provided with an automatically 
registering device, it is possible that the spectrum was moved too quickly 



Flo. 2 — Molecular absorption of valeric and uo-valeric aldehydes between 1 • 10 and 
1 -65 |i. O valeric aldehyde, curve III. © tio-valenc aldehyde, curve IV. 

across the slit of the thermopile, so that the components could not be 
properly separated. 

In figs. 1-4 the absorption coefficients have been plotted against the 
wave-lengths for the vanous aldehydes. On the upper axes of the dia- 
grams the wave-numbers v are given. 

Fig. 1 shows the absorption of propionic aldehyde (CHj . CH, . CHO) 
and butync aldehyde (CH, . CH, . CH, . CHO) between 1 -1 and 1 -6 (x, 
and fig. 2 that of valeric aldehyde (CH, . CH, . CH, . CH, . CHO) and 
£so-valeric aldehyde (CH, . CH, . CH . CH, . CHO) in the same region. 
The absorption curve of butync aldehyde shows a stronger background 
than that of propionic aldehyde, while the peak at 1 *4 [i reaches nearly 
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the same height. Comparison of the absorption below 1*3 [t would 
lead to no definite conclusions in consequence of the differences men- 
tioned above. From a comparison of curve II, fig. 1, and curve III, 
fig. 2, it will be seen that valeric aldehyde shows the same background as 
butyric aldehyde, but that the maximum absorption at 1 - 4 (x is greater, 
/jo-valeric aldehyde (curve IV, fig. 2) has on the whole a weaker absorp- 
tion than the normal compound, with the exception of the band at 1 *23 (x. 



Fk.. 3— Molecular absorption of propionic and butyric aldehydes between I *60 and 
2-15 [X. X propionic aldehyde, curve I. • butyric aldehyde, curve II. 


The intensity of the 1 *4 (x band decreases very rapidly towards larger 
frequencies. 

In figs. 3 and 4 similar curves arc given for the region between 1 *6 and 
2*1 |i. Butyric aldehyde has a greater absorption coefficient than pro- 
pionic aldehyde below 2*07 jx (fig. 3), The intensity of the bands at 
1*7 |x is nearly the same for butyric aldehyde as for valeric aldehyde, but 
the latter shows smaller absorption for the region between 1 *8 and 2*0 (x 
and greater intensity above this wave-length. It follows from a compari- 
son of curves III and IV, figs. 2 and 4, that an alteration in the molecular 
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configuration has no influence on the positions of the bands in this 
spectral region. Except for the doubtful region below 1 - 3 [j., the curve 
for iso-valeric aldehyde runs almost parallel to that for valeric aldehyde 
(fig. 4), and the shapes of the corresponding bands are very similar to each 
other. From 1-6 to 2 (x the iso-compound has a stronger absorption 
than the normal compound. The shifts which occur in the positions of 
the bands are mostly within the limits of experimental error. Where they 
are greater, they do not show any marked regularities (Table III). 



Flo. 4— Molecular absorption of valcnc and tso-vaicne aldehydes between 1 -60 and 
2 • 1 5 p. O valeric aldehyde, curve III. © /jo-valeric aldehyde, curve IV. 


Discussion 

The striking feature of the band spectra of the four aldehydes is the 
great similarity in the numbers and positions of the bands. This similarity 
suggests a corresponding similarity of the oscillating centre. The vibra- 
tions,* which are independent of the configuration of the molecule, are the 
oscillations lying outside the upper and lower limits of the C — C valence 
frequencies, i.e., w 836-1 185. For the aldehydes, these independent 
oscillations are the inner vibrations of the CHj and CH, groups respec- 

* Bartholom6 and Teller, * Z. phys. Chem B. vol. 19, p. 366 (1932). 
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tively, and the valence vibration of the C—0 bond. In the region between 
1 and 2 (j. we are dealing with the overtones and combination tones of 
these fundamentals. As the chain frequencies are very far off and of 
relatively low intensity, their overtones will not appear in our spectra. In 
Table IV the wave-numbers of the fundamentals are given which are 
necessary for the analysis of the observed spectra. 

Table IV— Wave-Numbers of Fundamentals of C— O and C H 


Propionic 

Butyric 

Vibrations 

Valeric 

/so-valeric 

Mode of 

aldehyde 

aldehyde 

aldehyde 

aldehyde 

vibration 

1377 Lt 

1366 Lt 

(1390) Kt 

1361 Lt 

*(ir).„ 

1439 

1445 

(1448) 

1445 

*8(e)cH 

1695 

1695 

(1717) 

1695 

Vl-U 

2841 

2882 

(2874) 

2865 

V,H 


The data in the first, second, and fourth columns, which are marked 
with “ L ”, are taken from Lecomte’s* investigation. As no measure- 
ments of the infra-red spectrum of valeric aldehyde have been made, the 
data of the Raman lines are given in brackets in the third column.f In 
the last column the bands are assigned to different modes of vibration. 
The symbols 8, v refer to bending and valence frequencies respectively. 
The index C=0 or CH indicates which group is oscillating. The change 
of the dipole moment, whether perpendicular (a) or parallel (n) to the 
axis of the molecule, is also shown. The fundamental of the C—0 
valence vibration at 1695 is well known from the infra-red and Raman 
spectra of aldehydes, ketones, and fatty acids. In assigning 1360 to 
S (tc^h and 1440 to *8 (a),,u (the index * at the left side of 8 means that the 
vibration is doubly degenerate), I have followed Bartholom6 and SachsseJ 
in their interpretation of the fundamentals of CH, . OH and CgH,. In 
formic aldehyde (H . CHO) we have a parallel band at 1500 and a per- 
pendicular band at 1340.§ As, however, the molecule H . CHO must be 
considered as a whole for the interpretation of its vibrational spectrum, 
while in more complicated molecules the CH groups may vibrate inde- 
pendently of the rest, it seemed justifiable to assume that the oscillations 
in an aldehyde molecule resembled the oscillations of the same group in 
other compounds. In any case, the assignment can only be a preliminary 

* ‘ C R. Acad. Sci. Paris,’ vol. 180, p. 1481 (1925). 
t Kohlrausch and KoppI, ‘ Z. phys. Chem.,’ B, vol 24, p. 370 (1934). 
t ‘ Z. phys. Chem.,’ B, vol, 30, p. 40 (1935). 

§ Nielsen, ‘ Phys. Rev.,’ vol. 46, p. 1 17 (1934). 
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one. *8 (oX-H and are common to the CH g group and the CH g group. * 
In the Raman spectrum there is a second CH valence vibration at 2960 
besides the one at 2880 given above (Table IV). As this vibration is not 
infra-red active, it has not been taken into account here. Table V repre- 
sents an attempt at interpreting the bands between 1 and 2 as overtones 
and combination tones of the fundamentals given in Table IV. The 
interpretation of the bands at 5150, 6800, and 8100 as overtones of '^c~o 
has ^en previously proposed by Ellis.f 


Table V — Interpretation oe Observed Band Spectra 


Assignment 

Propionic 

Butyric 

Vaicne 

/lo-valenc 


aldehyde 

aldehyde 

aldehyde 

aldehyde 


obs 

calc 

obs 

calc 

obs calc 

obs 

calc 

2 v..- 0 +«(Tt).,. 

4748 

4767 

4762 

4696 

4764 (4824) 

4713 

4751 

2v,'=o -4- *8 («)< a 

4888 

4829 

4798 

4775 

4822 (4882) 

4796 

4833 

3vf,o 

5155 

5085 

5149 

5(W5 

5131 (5151) 

5149 

5085 

4«(Tr)o„ (■») 

5197 

5508 

5249 

5464 

5258 (5560) 

5280 

5444 

2v,a 

( - 

5682 

(5647 

5764 

(5593 (5748) 

( 5593 

5730 

V.H f 2*8 (<t).„ 

5740 

5729 

5754 

5772 

5701 (5770) 

! 5714 

5755 

4*8(«t)u, 

1 5942 

5756 

(5956 

5780 

1 6035 (5792) 

1 6024 

5780 

4vc»o 


,6780 


,6780 

, (6868) 

6863 

6780 

2v, a + 8 (Jt)ou 

7036 

17059 

7117 

17130 



(7091 

2v.„ + *8 (»)<•„ 

,7121 

, 7209 

] (7196) 

7008 

7175 

5*8(<t).„ 


17195 


I7225 

1 (7240) 


(7225 

68 («),„(?) 
5vo-o(?) 

8051 

(8262 

(8475 

8137 

(8196 

(8475 

(8585) 

8104 

(8166 

18475 

3vea 


(8523 


(8646 

((8622) 
8636 ' (8644) 


(8595 

2v,h + 2*8 (o)o, 

8643 

■8560 

— 

8654 

— 

8620 

6'8(<i)ch 


18634 


18670 

1 (8688) 


[8670 


The overtones of Ven show resonance degeneracy with the overtones of 
(®)cH and the combination tones of both. That accounts for the fact 
that the band at 7000 has approximately the same intensity as the band 
at 8600, though the latter should be weaker, belonging to a higher quantum 
number. The assignment of 5250 to 48 (ttXh Is somewhat doubtful as 
the agreement between calculated and observed values is not good. 
Besides, the band does not appear in the spectra of molecules containing 
only carbon and hydrogen atoms. 

EUisJ tried to arrange the CH bands in a senes of overtones of Vch only. 
This interpretation did not explain the presence of the band at 7000. As 


* Dennison and Sutherland, ‘ Proc. Roy. Soc A, vol 148, p. 250 (1935). 
t ‘ J. Amer. Chem. Soc.,’ vol. 51, p. 1384 (1929). 
t ‘ Phys. Rev.,’ vol. 33, p. 27 (1929). 
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this band appears in the spectra of molecules containing carbon and 
hydrogen atoms only, it follows that it must be due to vibrations of these 
constituents. 

In view of the fact, however, that the separation of the bands into their 
components is by no means complete, any assignment can only be regarded 
as tentative. 

The aldehydes under investigation, with the exception of iro-valeric 
aldehyde, differ from one another by the number of CH, groups. If the 
CH, groups are the oscillating centres, we might expect an increase in the 
absorption coefficient of the bands with increasing number of CHg groups, 
while a frequency caused by the vibrations of the C=0 group should not 
be affected. This assumption would mean that the molecular absorption 
coefficient, as it determines the absorption for equal numbers of mole- 
cules, should increase from propionic to valeric aldehyde for vibrations 
in which the CH groups take part. If we look at the C=0 frequencies 
(Tables III and V), we find that the intensity of 3v^„o ('' = 5150) remains 
of the same order with the exception of valeric aldehyde. It is not 
possible to compare the intensities of 4vc_o as this band has not been 
separated from the neighbouring CH vibrations. 

If we now proceed to the CH vibrations, we find that the overtones and 
combination tones of *8 (<t)cu and are so near to each other that dis- 
turbances by resonance between the different vibrational levels are very 
likely to occur (Table V). The only bands which show a regular increase 
in intensity are 5700 and 4800 (Tables III and V). However, the increase 
continues to iso-valeric aldehyde, though iso-valeric aldehyde contains one 
CH, group less than valeric aldehyde. 

I wish to express my gratitude to Professor G. P. Thomson and Dr. 
Herbert Dingle for placing the laboratory facilities of the Imperial College 
at my disposal. Furthermore, I am very much indebted to the Central 
British Fund for German Jewry for a grant awarded to me which enabled 
me to carry out these investigations. 


Summary 

An investigation has been made of the infra-red absorption spectra of 
propionic, butyric, valeric, and i«7-valeric aldehydes in the liquid state 
between 1 • 1 and 2 - 1 (x. The wave-numbers and absorption coefficients 
are tabulated and compared with previous observations. 

An attempt is made to interpret the observed bands as overtones and 
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combination tones of the inner vibrations of the CH 3 and CH| groups 
respectively and the C=0 valence vibration. It is suggested that four 
fundamentals are sufficient to explain all observed bands. 

It is not possible to find a relation between the intensity of the bands 
and the number of oscillating centres, as most of the vibrational levels 
lie so close together that resonance occurs. 


The Crystal Structure of H3PW12O40 . 29H2O 

By A. J. Bradley, D Sc., Royal Society Warren Research Fellow, and 
J. W. Illingworth. M.Sc. 

{Communicated by fV. L Bragg, F.R.S — Received I May, 1936) 

The special interest of this structure lies m the peculiar manner in 
which the anions (PWi 204 o)~^ are linked together by the water molecules. 
The remarkable number (29) of water molecules associated with each 
anion is accounted for by symmetry considerations. Alternating with 
the anions on a body-centred cubic lattice, seventeen molecules of water 
are linked together in tetrahedral symmetry. These comprise a central 
molecule in contact with four molecules at the corners of a tetrahedron, 
and twelve molecules strung out in pairs along fourfold cube axes, to 
link together six anions. Midway between two blocks of seventeen 
waters and independent of them, six water molecules form a puckered 
hexagonal ring, which links together six anions, lying symmetrically 
about a threefold axis. For each anion there are two hexagonal rings and 
one block of seventeen molecules. This accounts for the total of 29 
molecules per anion. 

The environment of the water molecules is in striking contrast with 
that of the oxygen atoms in the anions. The latter are close-packed, 
being held together by the phosphorus and tungsten atoms. The water 
molecules are more open, and only six of the 29 have more than four 
nearest neighbours. The interatomic distances of the water molecules 
are very consistent, all lying between 2-8 A and 2-9 A. 

In conformity with the space-group O’A, the structure is composed of 
two interpenetrating diamond lattice-complexes. The one consists of 
eight anions (PWi, 04 o)'*; the other consists of eight clusters of water 
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molecules together with the acidic hydrogen (H 3 . 29HaO)+*. The 
structure may therefore be regarded as a regular alternation of anions and 
cations. Each anion is identical with the anion found by Keggin in the 
5-hydrate. 

A unique feature of the investigation is that the structure was deter- 
mined entirely from one powder photograph. This was taken by Keggin 
in a camera 19 cm in diameter, using special methods in order to attain 
high accuracy. We have based the structure on intensity measurements 
from this photograph, and the correctness of the structure rests on the 
extremely close agreement between the observed and calculated intensity. 
Alternative arrangements were unable to give such close agreement. 

Previous Work 

(a) The Anion (PWij 04 o)~^— The first 3-dimensional structural formula 
for the 12 heteropoly acids was suggested by Pauling** on theoretical 
grounds. Then Hoardf investigated the structure of the higher hydrate 
of phosphomolybolic acid and some of its rare earth salts. Laue and 
oscillation photographs showed that the acid was cubic, the cell dimensions 
being in each case about 23 A, and the symmetry probably O^h. He 
could not obtain even an approximate agreement between the observed 
intensities and those calculated using Pauling’s model anion. 

With the help of the X-ray powder method, KegginJ determined the 
structure of the anion (PWig 04 o)‘^ in the very stable, partially dehydrated 
acid H 3 PWjj 04 „ . SHjO. This substance is produced in powder form 
by a partial dehydration of the higher hydrate, which crystallizes from 
aqueous solution in beautiful octahedral crystals. Since approximately 
24 molecules of water are lost in the process of drying, the formula of 
the higher hydrate is most probably HgPWigOio • 29HgO. A powder 
photograph of this hydrate indicates a diamond-likc pattern. From 
intensity measurements Keggin concluded that the anion (PWi,Oio)"®, 
first identified by him in the S-hydrate, was also present in the 29-hydratc, 
the centre of each anion corresponding to each point of the diamond-like 
pattern. The object of the present investigation is to fix the mutual 
orientations of the anions and to determine the positions of the 29 water 
molecules. 

The anion (PWia 04 o)“® is a coordinated structure of point group 
symmetry T^; it consists of a central PO* tetrahedron, surrounded by 

• ‘ J. Amcr. Chem Soc vol. 51. p. 2868 (1929). 

t ‘ Z. Knstellog.,’ vol. 84, p, 217 (1933). 

; ‘ Proc. Roy. Soc.,’ A, vol. 144, p. 75 (1934); ‘ Nature,' vol. 132, p. 351 (1933). 
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twelve slighUy distorted WO, octahedra. linked together by shared 
oxygen atoms. The twelve tungsten atoms are situated on the twelve 
edges of a cube, at the centre of which lies the phosphorus atom. In 
conformity with T, symmetry, the tungsten atoms are slightly displaced 
from the most symmetrical positions at the midpoints of the cube edges, 
but the extent of the displacement is diilicult to determine in the lower 
hydrate, as it has little effect on the intensities of the lines in the powder 
photograph. The arrangement of the oxygen atoms can be seen in fig. 1, 
which represents a schematic picture of an anion. Signer and Gros,* 
and Illingworth and Kegginf showed that the 5-hydratcs of other acids 
contained similar anions. 



(b) The 5-Hydrate Packing — In the partially dehydrated acids, with the 
5-hydrate structure, the packing is cubic with two molecules per unit 
cube and space group 0®/i. The relative position of the anions is such 
that the central phosphorus atoms lie on a body-centred cubic lattice as 
shown in fig. 2. The structure is, however, inconsistent with a body- 
centred cubic space-group, because the anions are not spherical but 
tetrahedral, and they do not all point the same way. The surface of 
the anion may be considered to be made up of six cube faces and eight 
octahedral faces. The latter consist of four approximately flat faces 
(heavily outlined in fig. 1) and four re-entrant faces. The anions are 

♦ ‘ Hclv. Chun. Acto.,’ vol. 17, p. 1076 (1934). 
t ‘ J. Chem. Soc.,’ p. 575 (1935). 

I z 
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linked together diagonally by adjacent octahedral faces. Each of the 
four flat faces is directly linked to a flat face of a neighbouring anion ; 
each of the four re-entrant faces is linked to a water molecule lying 
on a threefold axis. These water molecules therefore serve to bind 
together the re-entrant octahedral faces of adjacent anions. In addition 
the unit cube contains six water molecules lying at the centres of faces 
and edges. These occupy the spaces between neighbouring anions. To 
sum up, each anion has fourteen neighbours. Four are linked directly, 
flat to flat, four indirectly through water molecules; six are unattached 
leaving holes big enough for water molecules. 

It is possible to imagine a modified structure in which all the anions 
face the same way so that they are joined flat to re-entrant. The structure 
would belong to the body-centred space-group T/ which is distinguished 
from by the absence of reflexions for which h + k f / is odd. In 
fact, faint lines 441 and 621 may be observed on the powder photographs 
of all the 5-hydrate compounds. Keggin’s* powder photographs from 
a spiecimen of H 3 PWi,O 40 , SH^O dehydrated over PjOs has fuzzy 
doublets and 441 and 621 were scarcely visible. Santost showed that by 
heating for a few hours at 120° C, the doublets became sharp and the odd 
lines strengthened. These intensity changes suggest that heating helps to 
turn all the anions into the correct directions, whereas in the unheated 
material some have an incorrect orientation. Santos also examined the 
caesium salts of the 12 acids and found essentially the same structures as 
for the acids. The caesium ions replace water molecules in cube faces. 
The water molecules on threefold axes are absent and the volume of the 
unit cell IS correspondingly smaller. 

(c) The 29-Hy^ate Packing— From measurements of a powder photo- 
graph taken in a camera of 19 cm diameter Keggin found a cubic structure 
of unit cell 23-28 A. This cell contains eight molecules of composition 
H 3 PWigO 40 . 29H,0. The powder photograph gives only reflexions 
from planes with h + k + l = 4n or h* -h k* + /* = 8n + 3. This 
indicates a diamond lattice complex (O’h). The combinaUon of eight 
anions (PWi, 04 o) ®, of point symmetry T^, on the diamond lattice 
complex (O'k) gives a structure belonging to the space group The 
special missing spectra for this space group are Ok/, where k = 2n, 
l = 2n, and k -H / = 4« -f 2, e.g., 020, 042, (lAQ, etc. These are special 
cases of reflexions of the type A-|-k-l-/ = 4n-|-2, none of which can 
be observed on the powder photograph. The conditions for the space- 
group O'h arc therefore fulfilled. 

* ‘ Proc. Roy. Soc.,’ A. vol. 144, p. 75 (1934). 

t ‘ Proc. Roy. Soc.,* A, vol. 150, p. 309 (1935). 
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The missing spectra of the type Qkl where k = 2n,l = 2n, and k + I =- 
4n + 2, cannot be used as a definite criterion, because the photograph 
does not register very weak reflexions. The special parameter values 
of the tungsten atoms reduce all reflexions of the type k + I = 4n -h 2 
below the visibility limit, both for space-groups T/ and O'h. The 
choice of space-group can, however, be made from intensity measurements. 

Being kindly provided with intensity measurements from Keggin's 
powder photograph, we have tested various possible arrangements for 
the anions and water of crystallization. Our calculations prove the 
identity of the anions in the 5- and 29-hydrates, and show how they are 
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attached to one another by the water molecules. They further enable us 
to predict possible positions for metal radicles in salts of analogous 
structure, which are the subject of further investigation. 

A General Account of the 29-Hydrate Structure 
The presence of reflexions of only two types + k* + I* = 8/i and 
A* -f- ** + /* = + 3, indicates that the eight molecules in the unit 

cube follow a diamond-Iike arrangement, such as is indicated by the 
white or black circles in fig. 3. This figure shows two interpenetrating 
diamond lattice complexes which together form an eightfold body- 
centred cubic structure. In the 5-hydrate every point of this structure 
corresponds to the centre of an anion, whereas in the 29-hydrate only 
alternate points (white circles) correspond to anions, the remainder (black 
circles) being allotted to groups of water molecules. If we may include 
among the latter the three protons, which must balance the negative 
charges on the anions, the 29-hydrate structure may be regarded as built 
up of equal numbers of oppositely charged ions (PWi,0«o)"® and 
(H, . 29H,0)+*, lying on two interpenetrating diamond lattices. 
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Every point on a body-centred cubic lattice has fourteen neighbours, 
eight diagonally along threefold axes and six along fourfold axes. In 
the structure of fig. 3 , ten neighbours arc of opposite type and four 
neighbours of the same type. Quite apart from the relation between the 
water molecules and the anions, it is necessary to fix the relative orienta- 
tion of each anion to its four neighbouring anions. This may be done 
from a comparison of the intensities of reflexion with A* -f A:* + /* — 
8/j + 3 . Once this relationship has been settled, it is possible to find 
the grouping of the water molecules from spatial considerations. Here 



Fio. 3 — ^Anions (PW|, 04 ii)~* and cations (Hj 29HtO)+* shown as black and white 
circles. 

the intensity measurements are used to decide between two alternative 
arrangements and finally help to fix the atomic coordinates. 

The Relative Orientation of the Anions in H*PWi,O40 . 29 H ,0 

In consequence of the tetrahedral character (point symmetry T^) of 
the anions (see fig. 2), they may be fitted together in three different ways. 
If the space-group is T4*, they may all point the same way and the flat 
octahedral surface of one anion faces the re-entrant octahedral surface 
of the neighbouring anion. To agree with the holohedral space-group 
O^h, either a re-entrant faces a re-entrant or a flat faces a flat. Table I 
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shows the intensity data for the lines with A* + A:* + /* = 8 « f 3.* 
The observed values corrected for absorption! and temperature factors! 
are compared with calculated values for the three types of orientation. 
The values cannot be expected to agree very well since no allowance is 
made at this stage for the water of crystallization. However, it is clear 
that the arrangement of re-entrant to re-entrant gives the best general 


Table I— Intensities Compared for Thref Orientations of 
THE Anions 

Calculated intensities 


333 1 
5in 


L7i* 

19 


Observed Re-entrant Re-entrant 

intensity to to 

re-entrant flat 


533 

7111 

5511 

731, 

553/ 

733 

751. 

555) 


Total differences, observed - calculated 
(without regard to sign) 


agreement, as may be seen by adding all the arithmetic differences between 
observed and calculated values. These differences are much less for the 
re-entrant to re-entrant solution. It may be noted that the scale of 
values is chosen to correspond to an experimental accuracy of about 
one unit. 

• Only those reflexions arc compared which give different calculated intensities for 
the three orientations of the anions. 

t Bradley, ‘ Proc. Phys. Soc.,’ vol. 47, p. 879 (1935). 
t Debye, ‘ Ann. Physik,’ vol. 43, p. 49 (1914). 
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The Water of Crystallization 

The number 29 for the molecules of water of crystallization associated 
with the anion (PWu04o)'*, deduced by Keggin, is in agreement with the 
mass of chemical evidence, which gives either 29 or 30. We therefore 
tried to find a way of arranging 29 molecules, in accordance with the 
point symmetry of the anions (Tj), to fill a space roughly equivalent to 
that occupied by an anion. We may regard the problem m the following 
way : Suppose that the volume of the unit cell is divided symmetrically 
into sixteen equal units of volume or polyhedra, each corresponding to a 



point of a body-centred cubic lattice (compare fig. 3). Each polyhedron 
is bounded by six cube faces and eight octahedral faces, as shown in fig. 4. 
An anion (fig. 2) fits comfortably into such a polyhedron, and the surfaces 
of the anion lie roughly parallel to the surfaces of the polyhedron, cube 
face to cube face, and octahedral face to octahedral face. It is required 
to fit a group of 29 water molecules into a similar polyhedron. 

The problem is extraordinarily like that of a-mangancse when a cluster 
of 29 atoms takes exactly this shape.* There the atoms fall into the 
following groups: two groups of 12 he on planes of symmetry, a group of 
four lies on threefold axes, and a single atom lies at the very centre of the 
polyhedron. Other arrangements are theoretically possible, and these 
are discussed in the a-manganese paper. All but one other arrangement 
* Bradley and Thewlis, ‘ Proc. Roy. Sw A, vol. 115, p. 456 (1927). 
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of 29 atoms demand an excessive concentration of atoms on threefold 
and fourfold axes. There are, in fact, only two practical possibilities for 
water molecules. The groups of water molecules must be divided in one 
of the following ways : — 

(o) 12 + 12 + 4 + 1 
(A) 12 + 6 + 6 + 4+1. 

In arrangement (A) the two groups of six molecules lie on the fourfold 
axes. This arrangement is possible without overcrowding, only because 
the anion does not completely fill its allotted polyhedron. As will be 
seen, one group of six water molecules extends into the neighbouring 
polyhedra occupied by anions. 

Some of the parameters need to be fixed prior to deciding between 
arrangement (a) and (A). One molecule lies at the intersection of the 
threefold and fourfold axes, and is therefore invariant. The remainder 
may be approximately fixed from spatial requirements. Since the anions 
do not by any means fill their own polyhedra, it is clear that the 29 water 
molecules should occupy more space than the 40 oxygens in the anion. 
The parameters of the water molecules must therefore conform to an 
open packing with few neighbours per atom. In the anion each oxygen 
atom of the central tetrahedron has twelve oxygen neighbours, and the 
structure of the anion in general is a type of oxygen close-packing. The 
average volume per oxygen atom in the anion is 19 A* whereas that allowed 
for each water molecule is 28 A* The ratio is consistent with a change 
from 12 coordination in the anion to cither 4 or 6 coordination for the 
water molecules depending on the interatomic distances of the water 
molecules. 

Thus the central water molecule may be in contact with a 4 group or a 
6 group but not with a 12 group. Arrangement (a) would require a 
central molecule in contact with a tetrahedral group surrounded by an 
outer zone of 24 molecules. This gives very reasonable interatomic 
distances. There are, however, two objections. It leaves big holes near 
the cube surfaces of each anion and it does not explain the observed 
intensity, whatever parameter changes are made (see Table II). 

Table II gives the observed intensities for the complete series of reflex- 
ions measured by Keggin and us. These are to be compared with the 
calculated values (1) without allowing for the water; (2) after allowing for 
the water in (a) grouping; (3) after allowing for the water in (A) grouping. 
It is clear that arrangement (a) gives worse agreement than without the 
water, although the most favourable parameters have been chosen. 
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Table II- 

hkt 

-Comparison of Observed Intensities With Calculated 
Values for HaPW,804o . 29HjO 

Calculated intensities 

/■ — s 

Complete 

-A” structure 

No (a) Water (6) Water Observed 

allowance arranged arranged intensities 

for water 12+12 12 i 6+6 

1 4 f 1 14 4-1 

3II 

11 

0 

0 

0 

_ 

222 

12 

0 

0 

0 

_ 

400 

16 

5 

5 

3 

4 

331 

19 

8 

4 

6 

5 

420 

20 

0 

0 

0 

_ 

422 

24 

3 

3 

3 

3 

511,333 

27 

17 

17 

14 

12 

440 

32 

14 

15 

12 

10 

531 

35 

9 

8 

8 

7 

600,442 

36 

0 

0 

0 

_ 

620 

40 

6 

5 

5 

4 

533 

43 

12 

12 

14 

12 

622 

44 

0 

0 

0 

_ 

444 

48 

50 

64 

58 

60 

711, 551 

51 

II 

14 

7 

7 

640 

52 

0 

0 

0 

_ 

642 

56 

3 

3 

1 

2 

731, 553 

59 

29 

18 

32 

32 

800 

64 

20 

20 

26 

24 

733 

67 

1 

3 

2 

3 

820 

68 

0 

0 

0 

_ 

822. 660 

72 

10 

9 

6 

8 

751, 555 

75 

46 

40 

52 

51 

662 

76 

2 

2 

2 

_ 

840 

80 

9 

13 

6 

6 

911,753 

83 

31 

34 

31 

29 

842 

84 

0 

0 

0 

_ 

664 

88 

48 

47 

45 

45 

931 

91 

0 

0 

0 

_ 

844 96 

Differences between observed 

0 

0 

0 

~ 

and calculated intensities. . 

58 

74 

19 
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Arrangement (b), on the other hand, gives an excellent agreement with 
experiment. Arrangement (6) is therefore correct and the 29 water 
molecules are divided m the following groups: — 

12 + 6 1-6 + 4 1 1. 

The Atomic Coordinates and Interatomic Distances 

The unit cell contains eight phosphorus, 96 tungsten, 552 oxygen, and 
256 hydrogen atoms. The positions of all the phosphorus, tungsten, and 
oxygen atoms have been found, but it is impossible to say anything at all 
concerning the positions of the hydrogen atoms. Instead of giving the 
coordinates of all the atoms, it is sufficient to give those of a typical anion 
(PW,, 04 o) ® and of a typical cation (Hj . 29H20)+®, referred to the 
central P atom and the central water molecule respectively. Let xyz be 
the coordinates of any atom in the anion, nmp those of any atom in the 
cation. Then the coordinates of the corresponding atoms in each anion 
in the unit cell are given in the following table. 


Table III 

Coordinates of atoms in Coordinates of atoms m 

anions cations (HtO molecules) 


Central 

Typical 


Central 


Typical 

phosphorus 

atoms 


water 


waters 

0 0 0 

xyz 


H 1 

i + m. 

i + «, * + P 

i i 0 

i-\ X. i -t- y-. 

T 

0 0 1 

m. 

n, J - 1 - p 

i Oi 

i y. 


0 i 0 

m. 

i + n, p 

on 

X, i 1 V. 

1 1 Z 

*00 

i + m. 

n, p 

Ui 

I-X, i -y. 

i -Z 

i i i 

i - m. 

i-n, i-p 

Hi 

i- X, i-y. 

i-Z 

Hi 

i-m. 

i-n, i-P 

Hi 

i - x, I-y, 

i-z 

Hi 

i-m. 

i-n, i-p 

Hi 

i-x, i-y. 

i-Z 

i i i 

i-m. 

i-n, i-p 


The atomic coordinates of a typical anion are given in Angstrom 
units in Keggin’s first paper, but there is some slight and unavoidable 
inaccuracy in the tungsten coordinates, which was corrected by Santos. 
This is due to insufficient data from reflexions with h + k + I odd, a 
point to which reference was made in the introductory section of the present 
paper. The difficulty is inherent in the 5-hydrate structure, but does not 
arise in the 29-hydrate structure. Here the tungsten coordinates are 
fixed chiefly by reflexions from planes with A* + A:* + /* = 8/i + 3, 
many of which are capable of giving accurate measurements. Conse> 
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quently we can claim to have established the tungsten coordinates on a 
firmer basis. Our results confirm the values given by Santos, and for 
convenience of reference the coordinates of the anion are given below. 

Table IV— The Atomic Coordinates in the (PWi,04<,)-* Anion 


1 P atom at 

4 Oi atoms at 

(0. 0, 0). 
(a, a, a) 

(a, a, a) 

(a, a, a) 

(a, a, a) 


where at — 0 99 A. 


12 Oi atoms at 

(A. b, c) 
0>, c, b) 
(c. b. b) 

(A, A, c) 
(A, e. A) 
(c,b,b) 

(A, A. c) 
(A. e. A) 
(f. A, b) 

ib. A, c) 
(A, c. A) 

ic, A. A) 


where 6 =- 0 97 A; e=- 2 

84 A. 

12 0, atoms at 

W. d, e) 
(</. e, d) 
(e, d, d) 

id,d,i) 
W. e. d) 
{e, d, d) 

id,d,e) 
id, e, d) 

(r. d, d) 

id, d, e) 

id, e. d) 

ie, d, d) 


where d 1 -49 A ; e — - 3 

54 A. 

12 O4 atoms at 

(g.f,g) 

(g,g,f) 

{/. g) 
(g,f, g) 
(g. g,/) 

if, g,g) 

ig, lg) 

(g, gJ) 

if, g,g) 
igj, g) 

ig, g,f) 


where/-- 0 lA, ;r- 3 79A, 

12 W atoms at 

(A, k, k) 
(A. h, k) 
(k, k, h) 

(A, k, k) 
(k, h, k) 
(k,h,k) 

(A, k, k) 
(k. h, k) 
ik, k, h) 

ib, k, k) 
ik, h, k) 
ik, k, A) 


where A- 0 ISA; A - 2-495 A 


Table V— Atomic Coordinates of a Group of 29 Molecules 
OF Water of Crystallization 


1 O, water molecule at 

(0, 0, 0). 




4 0| water molecules at 

(A. A, A) 

(A, A. A) 

ib, b, b) 

ib, b , b) 


where A — l-i 

68 A 


12 0, water molecules at 

ii,d,d) 

ie,d,d) 

(e. d, d) 

ie, d, d) 


id, e, d) 

id,e,d) 

id, e, d) 

id,e,d) 


id,d,e) 

id, d, e) 

id, d, e) 

id, d, e) 


where </ — 3 64 A; e 1 

0-39 A. 

6 0, water molecules at 

(/0.0) 

iO,f. 0) 

(0. 0,/) 



if, 0,0) 

(0./ 0) 

(0, 0,/) 



where/= 3 -36 A. 


6 O, water molecules at 

Or, 0,0) 

i0,g,0) 

(0, 0, g) 



ig, 0, 0) 

i0.g,0) 

(0, 0, i) 



where 6-31 A. 
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Tables VI and VII give the nearest neighbours and interatomic distances 
for the atoms of the anion and the water molecules respectively. The 
dose-packed character of the anionic oxygen (Oi — O 4 ) may be con- 
trasted with the open character of the water molecules (O5 — Og). The 


Table VI — The Interatomic Distances of the Atoms in the 
Anions 


No of 

Atom neighbours 

P 4 

O, 1 

3 
3 
6 
3 

W t 

2 

I 

O, 2 


2 

1 

O3 2 

2 
1 


O4 1 

2 
2 


Type of Distance 

neighbour in A 

Oi I 71 

P 1-71 

W 2 29 

O, 2 65 

O, 2 70 

O, 2 80 

O, I 84 

O, I 93 

O, I 97 

O, 2 29 

W I 93 

O, 2 61 

O, 2 70 

O, 2 75 

O. 3 10 

O, 2 90 

W 1-97 

O, 2-61 

O, 2 65 

O4 2 80 

O, 2-80 

O, 2 86 

W I 84 

O, 2-80 

O, 3 10 

O, 2 89 


number of nearest neighbours is much more in the anion, though the O 4 
and Og groups suggest the possibility of an intermediate state (OH ?). 


Discussion of the Structure 

The structure of the higher hydrate of phosphotungstic acid, 
H 3 PWi,O 40 . 29H,0 is shown in the six figures {figs. 3-8). It is most 
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Table VII — Interatomic Distances ot Water Molecules 

Type of No. of Type of Distances 

water neighbours neighbours in A 

O. 4 O, 2-84 

O, I Os 2'84 

3 O, 2 84 

O, I O, 2 86 

2 O, 2-89 

Os 2 Os 2 84 

1 O. 2-89 

O, 2 O, 2 80 

2 0« 2 89 

1 O, 289 

2 O, 2 90 

The next smallest distances all exceed .3 2 A 



Fig 5 — ^The anion-oxygen atoms only. 
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simply regarded as a combination of anions (PWi| 04 o)'^ and cations 
(H 3 . 29 H 2 O)'’ situated on two interpenetrating diamond lattice com- 
plexes (fig. 3). Anions and cations have each point symmetry T^, and are 
shown to scale in figs. 5 and 6 respectively. These figures are shaded 
to show contours, the darkest shading being nearest the observer and the 
lightest farthest away. The anion and cation arc each shown as lying 
at the centre of a cube, the volume of which is one-eighth of the volume 
of the whole unit cell. The same .small cube is indicated in fig. 4, where 



the volume allotted to one anion or cation is shown as a polyhedron 
bounded by six cube faces and eight octahedral faces. The whole unit 
cell is then composed of sixteen polyhedra, eight occupied by anions and 
eight by cations. The anions fit easily into alternate polyhedra. Each 
anion is linked through cube faces to six water molecules and through 
octahedral faces to twelve water molecules, but there is no direct linkage 
between anion and anion. 

The grouping of the 29 molecules of water of crystallization is shown 
in fig. 6. This is drawn primarily to show the conformity with T^ sym- 
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metry. The lines joining certain molecules are not bonds, but are 
inserted in order to show the positions of the molecules in space, and to 
serve for comparison with fig. 4. One molecule at the centre is surrounded 
by a tetrahedron and outside this is a further group of twelve water 



Fio 7 — ^The bonding of the anions and water molecules. 


molecules. The cluster of 29 is completed by six pairs of atoms lying 
on fourfold axes. 

The bonding is shown in figs. 7 and 8. Fig. 7 shows a cluster of 29 
molecules of water of crystallization in juxtaposition with a neighbouring 
anion and a second cluster of 29 water molecules. The bonding of the 
water molecules is in two distinct sets. Seventeen water molecules are 
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grouped around the central molecule in (1+4 J- 6 + 6) symmetrical 
sets. The other twelve molecules at the periphery of the cluster are 
quite separate. The seventeen central molecules are linked together 
through the centre itself. This is joined directly to four neighbours in 
tetrahedral formation, and these in turn are in contact with six atoms on 



25 2a A — 

Fio. 8 — A section of the unit cell. 


fourfold axes. Through a second set of six atoms the whole unit is 
linked on to the cube faces of six neighbouring anions. In this way the 
seventeen water molecules serve to bind together six anions, correspond- 
ing to six cube faces. 

The remaining twelve water molecules, forming the cube-octahedron in 
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fig. 6, are entirely unconnected with the central seventeen. Neither do 
they make any contact with one another in the same cluster of 29. Each 
has two neighbours belonging to an adjacent cluster, and together with 
these it helps to form hexagonal rings, at the junction of two clusters. 
Three molecules, A, C, E, from one cluster and three from a neighbouring 
cluster, B, D, F, form a puckered ring such as A, B, C, D, E, F, in fig. 7 
This hexagon lies almost in an octahedral boundary face of the poly- 
hedron occupied by the water. In fig. 4 there are eight such planes, and 
the positions A, B, C, D, E, F, correspond roughly with the centres of the 
hexagonal edges of the polygons. In accordance with tetrahedral 
symmetry, the molecules are somewhat displaced into the shaded faces 
PQ and away from the unshaded faces XY. The shaded faces PQ are 
planes of contact between neighbouring clusters of water molecules. 
The unshaded faces XY are planes of contact between neighbouring 
anions and the water molecules, which are linked together at A ,G, and H 
(cj. figs. 4 and 7). In this way each hexagonal ring of water molecules 
serves to link together a ring of six anions. 

Fig. 8 shows a section through the unit cell parallel to a cube face. For 
the sake of clarity, only one-quarter of the depth of the cell is shown. The 
central phosphorus atom is shown as a small circle at the centre of the 
unit cell (000) and on the vertical edges (i iO). These points are taken 
as ground level ; heights above are indicated by darker shading, and depths 
below by lighter shading. The greatest height and greatest depth are 
approximately one-eighth of the cell dimensions. Oxygen atoms, whether 
as part of the anion or as water molecules, are indicated by large circles ; 
tungsten and phosphorus atoms are indicated by small circles. Table 
VIII gives a key to the heights and depths of the atoms. 

Portions of anions are shown near 000, iiO, and 

i i i. Within the limits of the diagram it is only possible to show the 
centre levels near 0 0 0, i i 0, the lower levels near i J ^ i and the 
upper levels near i J i, i i Sufficient water molecules are shown to 
indicate the contrast between the more open packing of the water and 
the close packing of the oxygen in the anions, where they are Imked 
together by tungsten and phosphorus atoms. 

Bonds are indicated by lines. Thin lines join atoms below ground 
level and thick lines join atoms above ground level. Every bond on this 
diagram, as in fig. 7, corresponds to an interatomic distance given in 
Tables VI and VII. 

In conclusion, the authors wish to thank Professor W. L. Bragg, F.R.S., 
for his kind interest in the work. One of us (J. W. Illingworth) is indebted 
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to Messrs. Tootal, Broadhurst, Lee Co., Ltd., for a grant which enabled 
him to carry out the work. Our thanks are also due to Dr. J. F. Keggin 
for kindly providing us with a powder photograph of HsPWiaO«o . 29H|0. 

Summary 

The higher hydrate of phosphotungstic acid, HjPWjjO^o . 29HaO, is 
cubic The unit cell contains eight molecules and the length of the edge 
of the cell is 23 28 A. The anion (PWijO«o)"* is identical with the one 
found by Keggin in the lower hydrate HsPWuO^o . SH,0. 


Table VIII 


Type of 


Height or 

Indication above 

Indication below 

atom 


depth in A 

ground level 

ground level 

P:0,;0, 

(water) 

0 

) 


O 4 

(anion) 

0 10 

1 Medium shading 

Medium shading 

W 


0 15 

1 


0 , 

(water) 

0 39 

1 Medium-heavy 

Medium-light 

0 , 

(water) 

0 49 

1 shading 

shading 

0 , 

(anion) 

0 97 

) 


Oi 

(anion) 

0 99 

1 Heavy shading 

Light shading 

0 , 

(anion) 

1 49 

) 


0 , 

(water) 

1 (S8 

Very heavy 

Very light 

O 4 

(anion) 

2 03 



0 , 

(water) 

2 18 

j 


0 , 

0 , 

(anion) 

(water) 

2 28 

2 46 

Black shadmg 

Open circles 

W 


2 495 

1 


0 , 

(anion) 

2 99 

) 



The structure consists of two interpenetrating diamond lattices, the one 
of (PW 1 JO 40 ) ® anions and the other of groups of 29 molecules of water 
of crystallization. The positions of all the atoms, with the exception of 
the hydrogens, have been found. A feature of the work is that the 
structure was entirely determined from one powder photograph taken 
by Keggm. 

The remarkable number (29) of water molecules associated with each 
amon is accounted for by symmetry considerations. The 29 waters are 
divided up into six groups, viz., 12 + 6 + 6 + 4+1. It is interesting 
to note that the interatomic distances of the water molecules all lie 
between 2*8 and 2-9 A. The piacking of these molecules is quite open, 
in contrast to the oxygen atoms in the anion, which are very closely 
packed. 


K 2 
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Distribution of Magnetic Field Around Simply and 
Multiply Connected Supraconductors 

By H. Grayson Smith and J. O. Wilhelm, McLennan Laboratory, 
University of Toronto 

(Communicated by A. S. Eve, F.R.S — Received 14 May, 1936) 
Introduction 

The experiments to be described in this paper arose from a suggestion 
by M. von Laue that it would be of interest to examine more closely the 
behaviour of simply and multiply connected supraconducting bodies in 
an external magnetic field. If a closed circuit ^ taken wholly within a 
supraconducting body, sufficiently far from the surface, the magnetic 
flux through the circuit should be constant as long as no part of the body 
IS subjected to a magnetic field greater than the critical field strength. 
For a simply connected body, if the spontaneous ejection of flux on cool- 
ing through the transition point, the so-called Meissner effect, is complete, 
the constant flux through any circuit should be zero. For a multiply 
connected body, it should be equal to the value immediately after the 
body became supraconducting.* 

Only in the case of a multiply connected body, that is, a closed circuit, 
can there be a resultant current through any cross-section in the steady 
state. This may be taken as a definition of the current I in the circuit, the 
so-called persistent current Let L be the self-inductance of the circuit, 
calculated for the supraconducting state on the assumption that the current 
flows entirely in a layer very close to the surface. Let be the calculated 
magnetic flux through the circuit due to external magnetic field, allowing 
for the distortion of the field by the presence of supraconducting material. 
Then, if it can be assumed that the maintenance of the constant flux 
through the closed circuit is due to a persistent current in the above sense, 
the law of constant flux can be written in the form 


LI-f^=^„. (1) 

Most previous measurements of persistent currents have been made by 
observing the magnetic moment of the circuit m which they are presumed 
to be flowing. However, in certain experiments a large magnetic moment 


F. and H. London, ‘ Physica,’ vol. 2, p. 341 (1935). 
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has been observed when the circuit is broken by a narrow gap,* There is, 
therefore, still some doubt whether the magnetic moment gives a true 
measure of the resultant current I, and a definite test of the law of constant 
flux, with Its possible limitations, seemed worth while. The success 
obtained by applying relation (1) to the supraconductmg galvanometer of 
the authors and Tarrf indicates that it is correct for a coil of fine supra- 
conducting wire in small external fields It has now been definitely 
confirmed for a simple circuit consisting of comparatively heavy bars, 
as long as the current is less than a certain saturation value. The satura- 
tion current is apparently determined by the mean magnetic field around 
the smallest cross-section of the circuit. 

Apparatus 

The body upon which the experiments were performed consisted of two 
parallel cylinders of cast tin, of a high degree of purity, but polycrystalline. 
The cylinders (AA, fig. 1) were 13-3 cm. in length, 0-8 cm. in diameter, 
and placed with their centres 2-8 cm apart They were connected at 
top and bottom by cross-bars of the same tin. In order to make room 
for the rods operating the search coils, the upper cross-bar was bent into 
the form of a semicircle, and the diameter of this part of the circuit 
reduced to 0-496 cm. Around the upper bar was wound a coil S con- 
sisting of 360 turns of fine copper wire, desenbed below as the switch 
magnet. By passing a current through this coil, supraconductivity could 
be interrupted in this part of the circuit, and any resultant persistent 
current could be stopped. This coil therefore acted as a switch, by means 
of which the circuit could be opened or closed at will, without disturbing 
the rest of the apparatus. The field caused by the switch magnet had no 
appreciable effect on the test coils used for exploring the field distribution 
between the cylinders. 

Four small test coils, of dimensions approximately 4 cm. by 0-5 cm., 
were placed in the positions marked I, 2, 3, 4 in fig. 1 These were 
arranged so that they could be rotated through 180” from an initial 
position at right angles to the external field. Coil I was further arranged 
so that its initial position could be turned through 90°, in order to measure 
both components of the magnetic field at this point. All the magnetic 
fields were determined from the deflexions of a Grassot fluxmeter equipped 
with a mirror and a scale, when the coils were rapidly rotated. The flux- 

* Kammerlmgh-Onnea, ‘ Comm. Phys Lab. Leiden,’ No. 1416; Steiner and Grass- 
mann, ‘ Phys. Z..’ vol. 36, p. 520 (1935). 

t Grayson Smith and Tarr, ‘ Trans. Roy. Soc. Canada,’ vol. 29/111, p. I (1935), 
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meter was found to give consistent readings over the small range of 
deflexions covered in the experiments, and for steadiness and reproduci' 
bility it was superior to a ballistic galvanometer. The external magnetic 
field was supplied by an air-cored electromagnet, located outside the 
cryostat. This gave a mean field over the area occupied by the test coils 
of 12-2 gauss per ampere. 


Theoretical Distribution of Magnetic Field 


A — Simply Connected Bodies~The lines of force of a magnetic field 
applied at nght angles to the plane of the supraconducting cylinders 
coincide with the equipotentials of an ex- 
ternal electrostatic field applied parallel to 
the plane of the cylinders. The two-dimen- 
sional problem can be readily solved by 
transforming to coordinates y], where 

x + iy=^c coth (I + in)- 

The calculated distribution of field is 
shown in fig. 2, and the calculated mean 
fields at the four test coils are : 

Coil 1 (± to plane Coil 1 (II) 
of cylinders) 

0-81 H„ 0 

Coils 2, 4 Coil 3 

1 -37 Ho 1 25 Ho 


rirak 


lii 




no. l-A^ngement of test coils 
around the supraconducting cir- , 

the field can be neglected in comparison 

with the effect of non-uniformity of the field. 
The maximum field at the surface of the cylinders is very nearly 2Ho, as 
for a single cylinder. This type of field is to be expected when the 
supraconducting circuit is broken by passing a current through the switch 
coil. 


B — Current in Cylinders Without External Field— The lines of force of 
the magnetic field due to current in supraconducting cylinders agree with 
the equipotentials of the electrostatic field due to oppositely charged 
cylinders, and the problem is solved by the same transformation as for A. 
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The magnetic field at any point can be most simply derived by considering 
the current to flow in two filaments separated by a distance 

2f =- (fl* - /»*)*, 

where b is the diameter of cither cylinder, and a is the distance between 
their centres. The distribution of magnetic field in this case is shown in 
fig. 3, for infinite cylinders The crosses indicate the positions of the 
equivalent current filaments The mean field strengths at the test coils, 
due to a current 1 amperes, have been calculated for the actual circuit 



Fio, 2— A, supraconducting cylinders in an external magnetic field. 

used, allowing for the current in the cross-bars, and are given below. 
The upper cross-bar was assumed straight, as the contribution from this 
part of the circuit is small 

Coil I (i) I (II) 2 and 4 3 

Field strength .. 0-056 f -0 2651 0 380 1 0 306 1 

Ratio to coil 3 .. 0-19 —0-87 1-24 1 

A case of persistent current can be clearly recognized in the experiments 
by the characteristic ratio between the fields at the different test coils, 
and the resultant current can be calculated. The calculated field at the 
surface of the cylinders vanes from 0-677 1 inside to 0 510 1 outside. 

C — Multiply Connected Body in an External Field—lhe theoretical 
distribution for infinite cylinders, joined at the ends, can be found by 
superposing on a field of A one of B, in such a way that the flux between 
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the cylinders is zero. This field is shown in fig. 4, where the broken lines 
indicate fractional values. However, this field cannot be realized experi- 
mentally, since it is not possible to obtain a uniform magnetic field over 



Ho 3 — fl, magnetic field due to a current m supraconductmg cylinders. 



Fro. 4 — C, closed supraconductmg circuit in an external magnetic field. 

cylinders of sufficient length that the calculations arc valid. The only 
experimental test for this case is to show that the relation 

LI - - ^ 

is satisfied. 

The Experiments 

Permanent Magnetization — Most of the experiments were carried out in 
one continuous series at a temperature of 2*96® K. At this temperature 



Simply and Multiply Connected Supraconductors 1 37 

the ordinary threshold magnetic field for the restoration of electrical 
resistance in pure tin is 104 gauss (transverse field, half resistance restored).* 
The cylinders were cooled without an external field, and the readings for 
small fields were taken first At frequent intervals the external field was 
removed, the switch magnet turned on in order to stop any persistent 
current, and the field explored in order to test the possibility of permanent 
magnetization caused by “ locked-in flux The field due to this cause 
was appreciable as soon as an external field of about 70 gauss had been 
once applied. It increased with further experimenting, and finally 
reached a steady value when 104 gauss had been once applied. In another 
senes of experiments the cylinders were cooled to 2 - 61° K in an external 
field of 79 gauss, and then the permanent magnetization was sensibly 
constant throughout. The permanent field strengths observed arc given 
in Table I, the negative sign indicating a direction opposite to that of the 

Table I— Field Due to Permanent Magnetization 
Coil 

Temp 1 a) I (II) 2 3 4 

“ K. gauss gauss gauss gauss gauss 

2-96 6 i 6 -3 -7 

2 61 8 1 --t -3 9 

t Coil 2 became frozen, and was not in use at the lower temperature. 

applied fields The field strengths are too small for numerical discussion, 
but the distribution is plainly compatible with the assumption of a small 
permanent magnetization in both cylinders. In the tables below, except 
where indicated for large external fields, the results have been corrected 
for this permanent magnetization 

Disconnected Cylinders— The field of case A was obtained by applying 
an external field while a current was passing through the switch magnet. 
Table II gives the ratio of observed to applied field for the four test coils. 
In this case the departure of the observed ratios from the theoretical in 
small fields is probably due to lack of uniformity of the external field 
Coil 1, which was not symmetrically placed with respect to the external 
magnet, showed a field in the parallel position at all times. 

In order to show the gradual penetration ot the field into the cylinders, 
the above ratios for coil 1 and for the mean of colls 2 and 4 have been 
plotted against the external field strength in fig. 5, together with similar 
values from the last columns of Table IV. Since the maximum field 

* Tuyn and Kammerlingh-Onnes, ‘ Comm Phys. Lab Lcidcn,’ No. 174o (1926) 
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Table II— Field about Parallel Cylinders 
R atio of observed to external field 

Temp. External ^ ^ . . 

“ K field Coil 1 (i) Coil 1 (II) Coil 2 Coil 3 Coil 4 

gauss 

2-96 52 0-63 016 1-32 116 1-34 

H„= 104 61 0-72 0 17 1-30 1 16 1 35 

gauss 70 0*76 0 16 1-29 1 15 1-33 

76 0-79 0 16 1 24 1 09 1-31 

85 0 81 0 16 1-24 1 10 1 29 

2 61 73 0 70 0 17 — I 18 1-43 

H. -145 124 0 80 0 15 — 1 13 1-27 

Not corrected for permanent magnetization 
2 96 85 0-89 0 16 118 1 10 1 18 

104 0 92 014 Ml 106 112 

122 0 88 0 12 1-04 1 02 1-04 

Theoretical ratios 

0 81 0 1-37 1 25 1-37 



20 40 60 80 100 120 140 160 180 

External field strength in gauss 


Fio. 5 — Pmetration of magnetic field into the supraconducting cylinders. O mean 
of coils 2 and 4; • cod 1. 

Strength at the surface of the cylinders is 2Ho, penetration should com- 
mence under an external field of iH,. This is approximately confirmed, 
but penetration is by no means complete when Hq = H,. 

Persistent Current — ^The field due to a persistent current, case B, was 
definitely obtained in three ways. (1) A large field was applied to the 
closed circuit and removed, which produced a current even for field 
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strengths less than H,. (2) A field was applied to the cylinders with the 
switch magnet on (case A), the switch magnet was turned off, and finally 
the external field was removed. (3) In one case only the connected 
cylinders were cooled in an external field, and then the field removed. 
That a true resultant current is produced by each of these processes is 
shown, first by the characteristic field distribution, when corrected for 
permanent magnetization, and secondly by the fact that the field was 
immediately reduced to that caused by the permanent magnetization when 
a current was passed through the switch magnet. 

In Table III are given, first the ratios of the observed fields at the four 
test coils (taking coil 3 as unity), in order to show that the field distribution 
is that characteristic of a resultant current, then the mean field strength 
for coils 2, 3, 4, and finally the current strength calculated from the latter. 
All values are corrected for permanent magnetization. From the results 
it is evident that the greatest current which could be obtained in this circuit 
was approximately 120 amperes at 2 96" K The current is apparently 
limited by the upper cross-bar, which had a diameter of 0-496 cm. The 
magnetic field at the surface of this part of the circuit, due to a current in 
it of 120 amperes, would be given by 

H = 21/lOr -= 97 gams, 

somewhat smaller than the threshold field at this temperature, and prob- 
ably equal to the field at which the first traces of resistance appear. 

Closed Circuit in an External Field— In order to study case C, a field was 
applied to the closed circuit and the readings of the test coils taken, A 
current was 'then passed through the switch magnet and the readings 
taken again. The ratios after the circuit was broken agree satisfactorily 
with the ratios of Table II. 

From this it is evident that the persistent current is actually stopped by 
the use of the switch magnet. Further, it will be seen from Table IV that 
there was no difference between the simply and multiply connected cases 
in external fields greater than about 75 gauss at 2-96° K, 

The difference between the fields before and after using the switch 
should represent the field of the persistent current induced when the 
external field is applied. This difference was calculated in each case, 
and the ratios between the fields at the different test coils were found to be 
those characteristic of persistent current. These ratios and the calculated 
currents are given in Table V. 

The current I induced is plotted against the external field in fig. 6 
(solid curve) for the scries of measurements at 2 -96° K. As long as the 
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current was less than the saturation value it was proportional to the 
external field, 

I - -2-26 Ho. 

Then for larger external fields the induced current fell off very rapidly, 
although the field distribution showed that the cylinders were still very 

Table 111 — Field Caused by a Persistent Current 

External Ratio of field to that at coil 3 Mean Resultant 
Temp. field ^ — . ■ ,> field at current 

° K. gauss 1 (I) 1 (II) 2 4 2, 3, 4 amp. 

External field applied and removed with circuit closed 
2-96 52 _____ 0 0 

61 0 21 -0 86 I 14 1 21 23 5 66 

70 0 23 -0 91 1 25 1 32 41 0 115 

76 0 21 -0 94 1-28 1 42 41-3 116 

85 0 18 -0-89 1 27 1 37 40 7 114 

104 0 19 -0 89 I 25 1 31 42 7 120 

122 0 21 0 96 1 31 I 31 42 3 119 

146 0 20 -0 90 1 27 1-34 42 3 119 

177 0 20 -0 96 I 30 I 39 42 5 119 

2 61 122 0 15 -0 90 — 1-34 59-3 167 

183 0 17 -0 86 — 1 30 57-7 162 

Field applied to open circuit, circuit closed, and field removed 

2 96 61 0 16 -0 90 1-26 1 38 43 0 121 

70 0 20 - 0-89 1 28 1 30 41 7 117 

85 0 23 -0 96 1-20 1 33 41 2 116 

122 0 19 -0 93 1-28 1 34 43 3 122 

Closed circuit cooled ui field and field removed 
2-61 79 0 20 - 0 90 — 132 61 8 174 

Mean ratios 

0 19 - 0 91 1-25 1 34 

Theoretical ratios 
0 19 -0 87 1 -24 1 -24 

largely in the supraconducting state. This is in qualitative agreement 
with some experiments on persistent currents performed by McLennan,* 
in which the current was deduced from the magnetic moment. 

It remains to be shown that the relation (1) is satisfied over the straight 
portion of the curve in fig. 6. For this purpose the self-inductance of the 
supraconducting circuit was calculated, and found to be 

L = 121 cm. 

* McLennan, Allen, and Wilhelm, ' Phil. Mag.,’ vol. 14, p. 168 (1932). 
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Table IV — Closed Circuit in an External Field 


Temp. External 
" K. field - 


Ratios to applied field for 
closed circuit 


Ratios after breaking 
circuit 


gauss 1(1) Kii) 2 3 4 1 ( 1 ) 1 (ii) 2 3 4 

30i 0-62 0-74 0-48 0 48 0 44 0-75 0-20 1 28 1 15 1 34 

37 0 59 0 73 0-46 0 46 0 46 0-69 0 19 1 28 M3 135 

43 0 63 0-78 0 44 0 49 0 43 0 73 0 16 1 28 1 15 1-36 

52 0 78 0 77 0-44 0 49 0-44 0-71 0 16 1 29 I 16 1-36 

61 0 69 0-45 0 87 0 82 0-90 0 75 0 17 1 28 115 1 31 

70 0 76 0 26 1 18 I 06 1 20 0 74 0 16 1 31 1 15 I 35 

76 0 76 0 21 1 26 1 13 I 32 0 75 0 16 1 24 1 12 1 30 

85 0 80 0 15 I 24 I 13 I 28 0 79 0 15 1 23 1 13 1 27 

67 0 60 0 75 - 0 54 0 52 0 73 017 — I 18 1 36 

125 0 89 0 14 — 1 10 1 19 No change 


Not corrected for permanent magnetization 
2-96 85 0-86 0 15 I 18 1 10 1 20 | 

104 0 91 0 13 1 II I 07 1 13 

122 0 87 0 13 1 05 1 03 1 05 No change 

146 0 99 0 13 1 01 1 02 I 01 I 

177 1 02 0 13 1 01 1 02 — I 


Tabif V— Current Induced in Case C 

External Ratio of field to that at coil 3 Mean Persistent 

Temp. field ' ■ " > field at 2, current 

” K. gauss I (i) 1 (ii) 2 4 3, 4 gauss amp 

2-96 30i 0 22 -0-80 M 9 1 34 24 2 68 

37 0 14 -0-80 1-22 1 32 29 5 83 

43 0 16 - 0-93 1-26 1 40 34 8 98 

52 0 10 0-90 1-29 1 36 42 2 119 

61 0 18 0 85 1-25 1 25 23 3 66 

70 0 14 0 9 1-3 15 8 8 25 

76 _ _ _ _ 5 (?) 14(?) 

2 61 67 0-20 0 91 — I 32 50 2 141 


The calculation of L for infinite parallel supraconducting cylinders is 
simple, and leads to an exact formula, since it can be taken to be the 
magnetic flux between the cylinders due to unit current in the equivalent 
current filaments of the theoretical case B. The value given above, how- 
ever, was corrected for the finite length of the cylinders, for the current in 
the connecting bars, and for the change in diameter in the upper part of 
the circuit, these various corrections amounting to about 15% of the 
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whole. There is an uncertainty in the calculated value of L of perhaps 
2%, due mainly to uncertainty in the effective length of the cylinders. 
In order to indicate the effect of supraconductivity on the self-inductance, 
the inductance per unit length for infinite cylinders was also estimated for 
the normal state, and found to be 9-4 as compared with 7.70 for the 
supraconducting state. 

The total flux <f> due to an external field of mean strength Ho near the 
centre was found by means of a test coil of five turns connected to the 
fluxmetcr, with dimensions as nearly as possible the same as the mean 



External field strength m gauss 
Pig. 6 — Current induced in the supraconducting circuit. 


dimensions of the supraconducting loop. By this means the flux was 
found to be 

4> -= 27-9 H„ 


with an uncertainty of about 3%. 
Then in order to satisfy 

LI = 

we should have 




121 1/10=- -27-9Ho 


or 

I = -2-30 Ho 


in very satisfactory agreement with the experimental value. 
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Whenever the current induced on applying the field is less than the 
value given by the law of constant flux, a current m the opposite direction 
must be left in the circuit after the field is removed. The currents set up 
by the first method of Table III belong to this category, and the current 
so produced is plotted against the external field strength in the broken 
curve of fig. 6. If the relation (1) were accurately obeyed on removing 
the field, the sum of the currents induced on application of the field and 
after removal should give points on an extension of the straight line. 
These points are indicated by circles in fig. 6, but the result is inconclusive, 
since only for the first point are both the currents smaller than the satura- 
tion value. 

The Maximum Current — When there is no external field present, the 
maximum persistent current is determined by the magnetic field produced 
around the smallest cross-section of the circuit, in agreement with Silsbee’s 
hypothesis. When the current flows in the presence of an external field, 
so that the field strength is not constant around a cross-section, practically 
the same maximum current was found (fig. 6). The experiment shows 
clearly that the field surrounding the cylinders in case C is simply the 
resultant of the distorted external field and the field of the persistent 
current. Therefore the maximum field strength at the surface of the 
metal occurs in the diametral plane on the outside surface (fig. 4), and 
amounts to 

H„„ = 2Ho + 0-510 1 = 3-2 Ho. 

There was, however, no indication of any discontinuity in the relation 
between external field and current induml until Hq was considerably 
greater than H,/3 -2 (32 gauss). 

On the other hand, in an experiment to examine the action of the 
switch magnet, the presence of an external field, smaller than the critical 
field strength, did affect the persistent current. In this case the field was 
applied over a portion of the circuit, in a direction parallel to the surface 
of the supraconductor, and therefore approximately uniform around a 
cross-section. When the current through the switch magnet was increased 
in steps, the following results were obtained (temperature 2 -61° K.): 

Current in switch magnet Persistent current 

amp. amp. 

0 162 

0-5 136 

0- 7 102 

1 - 0 0 
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The field produced by the switch magnet is not accurately known. 
However, remembering that the fields produced by these two currents are 
at right angles, the figures are consistent with a rule that the resultant 
magnetic field remains constant as the current through the switch is 
increased. 

Cooling in an External Field— Only one partial set of readings was 
obtained for this case, but this was sufficient to give a qualitative result. 
The closed circuit was cooled to 2-61° K in an external field of 79 gauss, 
and the following readings were obtained: 

Coil 


I (i) 1 (II) 2 3 4 

Ratio to applied field as measured. . .0-91 0-12 — 1-11 — 
Corrected for permanent magnetization 0-81 0-12 - 1-16 — 

The spontaneous expulsion of flux on cooling was evidently not complete, 
and probably still not quite complete when allowance is made for the 
“locked-in flux" which causes the permanent magnetization. Apart 
from partial penetration, however, the magnetic field after cooling was 
definitely that of case A, as might be expected, with no evidence of resul- 
tant current. 


Conclusion 

It has been definitely shown by these experiments that the persistent 
current m a closed supraconducting circuit is a true resultant current, 
not to be confused with the local circulation of current which causes 
magnetic effects in a simply connected body. It has been shown that 
the resultant current is caused entirely by changes in the magnetic field 
which takes place after the body has passed into the supraconducting 
state. For sufficiently small magnetic fields and currents, the law that 
the magnetic flux through a closed supraconducting circuit should be 
constant is accurately obeyed. Therefore towards changes of magnetic 
field which take place when a metal is definitely in the supraconducting 
state. It behaves like a conductor without resistance. But towards a 
steady external magnetic field applied while the metal is cooling it behaves 
like a material of high diamagnetic susceptibility. 

The distribution of magnetic field around the closed circuit when carry- 
ing a persistent current probably agrees within experimental error with 
that calculated on the assumption that the current flows entirely in a 
layer near the surface. This is confirmed by the very satisfactory agree- 
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ment found when the total flux instead of the distribution is considered, 
the self-inductance of the circuit being calculated on the assumption of 
surface currents. 

For a given supraconducting circuit at a given temperature there is a 
maximum persistent current which can be induced. In the present 
experiment this maximum current agreed with the current which, accord- 
ing to Silsbee’s hypothesis, would commence to restore resistance in the 
smallest part of the circuit. In a recent experiment with the supra- 
conducting galvanometer, performed by the authors and Mann,* the 
current which would have been induced by a magnetic field equal to the 
threshold field was not sufficient to disturb supraconductivity in any part 
of the circuit. The maximum current obtainable then corresponded to an 
external field somewhat smaller than the threshold value. In both experi- 
ments, when a current was induced by removing a field greater than the 
threshold value, the maximum current was always obtained. However, 
when the current was induced by applying a field, the current increased 
with the field strength up to its maximum, and then fell rapidly to zero, 
even though^ the distribution of magnetic field showed that the supra- 
conducting state was not completely destroyed. 

Again, when a magnetic field was applied to a circuit in which the maxi- 
mum persistent current was already flowing, the current decreased gradu- 
ally as the external field was increased, apparently in such a way that the 
field at the surface of the supraconductor remained equal to a value some- 
what smaller than the ordinary threshold field strength. These results 
arc apparently in qualitative agreement with the recent theoretical work 
of F. London.! However, further investigation, using a single crystal, 
will be necessary in order to draw definite conclusions concerning the 
interruption of the persistent current by a nwgnetic field. 

The authors wish to acknowledge their indebtedness to Profes.sor M. 
von Laue for the correspondence and suggestions which led to their under- 
taking the work, to Professor E. F. Burton for his continued encourage- 
ment and advice, and to Mr K. C, Mann for his assistance in making the 
experimental measurements. 


Summary 

By means of small test coils, the magnetic field has been explored in the 
neighbourhood of two parallel supraconducting cylinders of pure tin, 

•Grayson Smith, Mann, and Wilhelm, ‘Trans. Roy. Soc. Canada,' vol. 30/III, 
p. 13 (1936). 

t ‘ Physica,’ vol. 3, p. 450 (1936). 
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both when they are connected at the ends to form a closed circuit and 
when one connexion is broken. The circuit was broken by interrupting 
supraconductivity in one cross-bar by means of a small magnet coil 
wound round it. By observing the change in distribution when this 
magnet was turned on, the held due to current circulating in the closed 
circuit could be distinguished from the distorted external held, and the 
current strength could be measured. The success of this method of 
breaking the circuit shows that the so-called persistent currents are in 
truth circulating currents. A dehnite saturation value was found for the 
persistent current which could be induced. The closed supraconducting 
circuit in an external held obeyed the law that the magnetic hux through 
it should be constant as long as the circulating current was less than the 
saturation value. As the held was increased beyond this point, the 
current induced fell rapidly to zero, although the cylinders were still 
partly supraconducting. 


Ionization, Excitation, and Chemical Reaction in 
Uniform Electric Fields 

II— The Energy Balance and Energy Efficiencies for 
the Principal Electron Processes in Hydrogen 

By R. WiNSTANLfcY Lunt and C. A. Meek (The Sir William Ramsay 
Laboratories of Inorganic and Physical Chemistry, University College, 
London, W.C.l, and Imperial Chemical Industnes, Ltd.) 

{Communicated by F G. Donnan, F.R.S -Received 16 May, 1936) 

I — Introduction 

In a previous communication. Part I, Emeldus, Lunt, and Meek* have 
discussed the rate of an electron collision process, ionization, in a uniform 
electrical held. In this paper we elaborate their analysis and extend it 
to hve other types of electron collision processes. The discharge con- 
ditions now postulated are those of a swarm of electrons moving through 
a gas under the inhucnce of a uniform electric held so that the system 
is in a steady state, the current density being sufficiently low so that the 
stationary concentration of all products of electron collisions (ions and 
• ‘ Proc. Roy. Soc.,’ A, vol. 156, p. 394 (1936). 
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excited particles) is negligible compared with that of the gas molecules in 
the ground state. Such conditions are realized with considerable exacti- 
tude in the uniform positive column. This is of particular importance 
because in such a discharge the rates of the various types of electron 
collisions contemplated in the present theory are sufficiently large to 
enable comparisons to be made between experiment and the predictions 
of the theory. 

There are many experiments, notably those of Townsend* and Lang- 
muir, f relating to the conditions now postulated which show the velocities 
of the electrons in the swarm are distributed at random about a mean, and 
that the mean velocity greatly exceeds that of the gas molecules (or 
atoms) in which the swarm moves; in a given gas the average electron 
energy, V electron-volts, has been shown by Townsend and his collabora- 
torst to be a function of Xp \ the ratio of the electric field to the gas 
pressure. In addition to this random motion, there is a relatively small 
drift motion of the swarm in the direction of the uniform field X ; the 
drift velocity, W cm. sec ^ in a given gas is also a function of and 
its magnitude determines the rate at which electrons gam energy from the 
field, and also the magnitude of the (drift) current carried by the ionized 
gas§ 

In moving under the influence of the uniform field the electrons lose 
energy mainly in “ inelastic ” collisions resulting in the ionization or 
excitation of the gas molecules; in addition they lose energy in “ elastic ” 
collisions in which there is a small transfer of kinetic energy only. These 
energy losses give rise to the distribution of electron energies about the 
mean, and this distribution is not necessarily Maxwellian 

The general expression for the rate R of a collision process effected by 
an electron swarm moving through a gas has been discussed by Fowler, || 
and contains terms which arc known to depend only on the electron 
energy distribution function and the probability cross-section (or effective 
target area) for the given process. The form of the electron energy dis- 
tribution function is the one quantity with which we shall be concerned 
on which it is difficult to obtain direct evidence from experiment. 

• “Electricity in Gases,” Oxford. 1915, “The Motion of Electrons in Gases," 
Oxford, 1925. 

t ‘ J. Franklin Inst.,’ vol. 196, p 751 (1923) 

t “Electricity in Gases,” Oxford, 1915, “The Motion of Electrons in Gases,” 
Oxford, 1925. 

S On account of the relatively low mobility of the positive ions, the gain and loss of 
energy by these may be neglected. 

II “ Statistical Mechanics,” Cambndge, 1928, § 17. 
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In this paper we shall be concerned with the particular form taken by 
the general expression for R when the concentration of electrons in the 
swarm is expressed in terms of the drift current density, and the drift 
velocity; this is the form considered in the recent work of the Townsend 
school,* in which, however, what we believe to be unsatisfactory approxi- 
mations for the cross-sections have also been introduced. Quite recently 
Llewellyn Jonesf has discussed an expression for R which conforms to 
the general expression considered here. When R is known it is a simple 
matter to derive the average rate per electron per second S; this is a 
quantity frequently convenient to discuss in relation to experimental 
data. 

Following tlje formal analysis of Part 1, we shall consider two other 
characteristics of a collision process due to an electron swarm, both of 
which are related to R ; these are the fractional energy loss F, and the 
energy efficiency y), the latter being dehned as the number of molecules 
(or atoms) suffering some specified type of collision per electron-volt of 
energy supplied to maintain the discharge, that is gained by the electrons 
from the field in which they move. For electronic transitions, there arc 
the following possibilities for the excited state : 

(a) it may react with some other species present ; 

{b) it may change to some lower state by the emission of radiation ; 

(c) it may be metastable and give out no radiation ; 

(d) it may dissociate spontaneously, and the resulting fragments be the 
final result, or react with themselves or other species present. 

In these cases it is clear that the t) for the production of the excited state 
will determine the tj for the resulting light emission or for the final product 
whether this be molecular fragments or some product of chemical re- 
action. The analysis developed in this paper predicts that t) for any 
specified electron collision process will be a function of and there- 
fore that the same will be true for any resulting process, light emission, 
or the production of a new chemical species. The recent experiments of 
the Townsend schoolj have demonstrated that, for positive column dis- 
charge in the rare gases, yj for the light emission is a function of Xp~\§ 
and a similar deduction§ for the hydrogen continuous spectrum may be 

♦ Townsend and Llewellyn Jones, * Phil. Mag.,’ vol. 11, p. 679 (1931), /W</, vol. 12, 
p. 815 (1931); Townsend and Pakkala, ibid, vol. 14, p. 418 (1932), Keyston, ibtd., 
vol. 16, p. 625 (1933). 

+ ‘ Proc. Phys. Soc,’ vol. 48, p. 513 (1936). 

t Townsend and others, loc. at. 

§ The data are not presented in this form in the original papers (for hydrogen, r/. 
§IV). 
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made from the data of Chalonge.* On the other hand, despite the many 
researches dealing with chemical reaction in the positive column, the 
dependence of tj for the final reaction product on Xp * does not seem to 
have been suspected until recently; it is, however, implicit in a fuller 
analysis of the early experiments of Kirkbyt on the formation of water from 
electrolytic gas, and this conclusion is supported by a review of the more 
recent data. When the form of the electron energy distribution function 
is the only unknown quantity in the calculation of ti for some specified 
process, a comparison over a range of Xp~^ of the experimental values 
and those calculated for an assumed form of the distribution function 
provides a criterion for the validity of the form assumed.J 

The remaining characteristic property of an electron collision process 
effected by an electron swarm, to be considered here, is the quantity F 
which IS defined as the fraction of the energy gained per electron per 
second (from the field) which is absorbed in the specified collision process. 
The postulated condition of the steady state then requires that the sum 
of the F terms for all the possible electron collision processes shall be 
unity 

This condition provides a quantitative criterion for the validity of 
theoretically calculated values of F (which are closely related to the corre- 
sponding values of tj, and S), and is conveniently termed the energy 
balance criterion. When the electron energy distribution function is the 
only unknown quantity in the expressions for S, and F, this criterion 
may be used to test the validity of any a.ssumed form for this distribution 
function this is the procedure adopted in this paper. 

We believe that the energy balance criterion provides a more exacting 
test of the validity of any assumed form of the distribution function than 
is afforded by the comparison between the calculated and observed energy 
efficiencies for any single type of process due to electron impact. Essen- 
tially this criterion demands the simultaneous quantitative fulfilment of 
the predictions based on the assumed form of the distribution function 
for all the collision processes that can occur. Moreover, in its simplest 
form this criterion is independent of restrictions on the current density 
provided that the postulated condition is fulfilled, that the stationary 
concentration of all products of electron impacts shall be negligible com- 

* ‘ Ann. Physique,’ ser. 11, vol 1, p. 123 (1934). 

t ‘ Proc. Roy. Soc ,’ A, vol 85, p 151 (1911). 

t This procedure is formally identical with that adopted in Part I for ionization by 
electron impact , it is immaterial whether the results are discussed in terms of Town- 
send’s coefiknent ap-‘ or the derived quantity (c/. Appendix (6) ) the energy efficiency 
of ionization, t)<. 
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pared with that of the gas molecules in the ground state. The main 
weakness of this criterion, admittedly, is that even if it is fulfilled by some 
assumed form for the distribution function, this fulfilment is no guarantee 
that the solution is a unique one; considered broadly, we believe, how- 
ever, that such a fulfilment constitutes very strong evidence that the assumed 
distnbution is essentially that corresponding to the actual experimental 
conditions for which the fulfilment is found. 

Concerning the form of the electron energy distribution function, we 
have assumed in this paper that this is Maxwellian because the calcula- 
tions given in Part I for the Townsend coefficient of ionization demon- 
strated that, in hydrogen especially, the expcnmentally measured ioniza- 
tion could be interpreted as that due to this distribution over a very wide 
range of Xp 

Believing that great weight may be attached to the fulfilment of the 
energy balance criterion, we have applied it in this paper to hydrogen in 
order to obtain confirmation of the results gained in Part I For this 
purpo.se the relative importance of the many possible types of collision 
processes is determined by the magnitude of their F values; from an 
inspection of the expressions (4) and (4.1) it can be seen that, for a given 
value of Xp *, these are mainly determined by the values of the cross- 
section (Q, (V) ) and the loss in a single collision (V^,), the values of the 
latter being largest for electronic transitions. Guided by the predictions 
of theory* and the comparisons that may be drawn with analogous atomic 
collisions (for which the experimental and theoretical data on cross- 
sections is much more abun^nt than for molecules), t we have selected 
for consideration here the excitation of the states and also 

the ionization of the molecule. In addition, we have dealt with the 
excitation of the first vibrational level and elastic collisions, which latter 
give rise to relatively large F values at the lower values of Xp For all 
these processes we have therefore calculated the values of yj and F for 
an assumed Maxwellian electron energy distribution over the same wide 
range of Xp * in which this distribution was found in Part I to account 
for the Townsend coefficient ap~^. These calculations enable not merely 
the energy balance to be examined, but they also enable comparisons to be 
made between the calculated and experimental data for two other pro- 

• Mott and Massey, “ The Theory of Atomic Collisions,” Oxford, 1933, Massey 
and Mohr, “Proc. Roy. Soc,’ A, vol. 132, p 605 (1931); vol. 135, p 258 (1932), 
vol. 140, p. 613 (1933). 

t HanK and Larche, ‘ Ergebn Exakt. Wiss ,' vol. 10, p. 283 (I93J); Lees, * Proc. 
Roy. Soc.,’ A, vol. 137, p. 173 (1932); Langstroth, ‘Proc. Roy. Soc,’ A, vol. 146, 
p. 166 (1934). 
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cesses: the emissioa of the hydrogen continuous spectrum (from and 
the formation of hydrogen atoms (from both triplet states), the latter 
affording an absolute comparison. The mam conclusion of this paper 
IS again that the Maxwellian distribution represents the actual distribu- 
tion to a close approximation. 

II— Gfneral Expressions for Coii.isk)n Processes Efffcted by an 
Electron Swarm Movinc; in a Uniform Eifctric Fifld 

1 —Statement o/ Quantities Concerned—ln addition to the average 
electron energy, V electron volts, the electron drift velocity, W cm sec ’, 
and the Townsend coelFicient of ionization, all of which have been 
defined in Part I, we shall be concerned here with the following average 
properties of collision processes efiected by an electron swarm moving 
under a uniform electric field, of intensity X volts cm.~\ through a gas at 
a pressure p mm. Hg 

(1) R„ the number of molecules suffering some specified type of 
collision process per cm * per second.* 

(2) S„ the average number of molecules suffering some specified type 
of collision process per second per electron ; if n, is the concentra- 
tion of electrons per cm.\ 

S, - RJn.. 

(3) the energy efficiency for the specified collision process, that is, 
the number of molecules suffering the specified type of collision per 
electron-volt of energy gained by the electron swarm by moving 
in the field X. If E is the rate of gam of energy from the field in 
electron-volts per cm ® per second, 

n. R,E 

(4) F, the fraction of the energy gamed by the electron swarm in unit 
time which is absorbed m effecting the specified type of collision. 
If Vf, is the energy in electron-volts absorbed in effecting a single 
collision of the specified type, 

F, - Vr. ■ R,'E 

* Most of the collision processes with which we shall be concerned involve excita- 
tion, to denote which we have added the suffix ** e " to the symbols concerned ; in 
order to differentiate between different processes appropriate suffixes will be introduced 
as required. 
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From the work of Townsend and his collaborators,* V and W are known 
to be determined in a given gas by the ratio Xp ^ ; the theory now developed 
predicts that S„ tj,, and F, are likewise determined. The remaining 
characteristic of an electron swarm which is required is the electron energy 
distribution function. 

(5) / (V) . (fV, the probability that an electron selected at random from 

the swarm shall have energy lying between V and V + <A^ electron- 
volts. 

Lastly, we require the following quantities relating to single impacts ; — 

(6) V„ the least, or critical, electron energy necessary to effect the 
specified type of collision process 

(7) Q, (V), the probability cross-section for the specified type of 
collision process for an electron of energy V electron-volts. For 
this quantity we shall adopt the conventional unit of 77 ^ 0 *;^ d then 
follows from the definition of this cross-section J that the number 
of collisions of the specified kind per cm. of track of an electron 
of energy V is 3 • 1 5 x p Q/V). For V less than V„ Q, (V) is zero. 

For values of Xp~^ greater than about 1 it is known from the work of 
Townsend* that in many gases including hydrogen the velocity of the 
electrons greatly exceeds that of the charged particles of molecular mass ; 
for these conditions the drift current density, I, electrons cm sec."^ may 
be expressed to a close approximation by 

I, n, . W 

Since the swarm moves in a field X volts cm.~^, it follows that the gain of 
energy from the field by the swarm per unit volume, E electron-volts 
cm. ® sec."’, IS given by 

E /i,.W.X. 


When E takes this particular form, we have, from the foregoing definitions, 


and 


7 ),= S.'(W.X) 

F, =- . S,/(W . X). 


In the particular case that V,, is sensibly independent of the energy of the 
colliding electron, and equal to the critical energy, V„ which is the case for 


• Townsend, “ The Motion of Electrons in Gases,” Oxford, 1925. 
t do IS the radius of the first Bohr orbit in the hydrogen atom, 0 53 x 10 '■ cm. 
t Mott and Massey, ” Theory of Atomic Collisions,” Oxford, 1933, chap. 2 and 9. 
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all the processes to be considered in this paper except elastic collisions, we 
find the simple expression 

F. = >1, V,. 

As m Part I, we shall consider the case of a swarm moving through a 
gas with an isotropic distribution in velocity, an assumption which, as 
pointed out there, is in any case a close approximation to the true con- 
ditions for the lower range of considered in that and in this paper; 
for the higher values of we have applied the approximate correction* 
derived in Part 1 (Table X). 

2 — Expressions for R,, S„ t;,, and F, — ^The derivation of R, for any 
specified collision process is strictly analogous to that for the rate of 
ionizing collisions per cm.^ per second, R„ given m Part I. When the 
number of ionizing collisions per cm of electron track is replaced by the 
corresponding number of collisions of the specified kind, that is, when 
P(V) IS replaced by 3 15 x p.Q,(V) in the expression for R„ we 
find 

R, = Ar„ . n, p\ Q, (V) . V“-'> ./(V) . d\ (1) 

and hence 

s,-/^o.;>fQ,(V).v«^y(V).dv, (2) 

where /r„ =- 1 -87 . 10”. When E takes the particular form E = «, . W . X, 
It then follows from the definitions of and F, that 

Y), = *0 . (W . Xp •)• ' ( Q, (V) . V--’ ./(V) . dW (3) 

and 

F, - yto • (W . Xp-»)-i [ Q, (V) . V,, . V ./(V) . dV. (4) 

In all these expressions the integration must be performed for that range 
of V in which Q, (V) has a significant magnitude. 

For a given gas, the energy distribution function, /(V) . dV, whatever 
its form, must be a function of the average electron energy V ; for a given 
type of collision process Q. (V) is a function of V only, and V,, is a function 
of V or IS a constant. It therefore follows tha^the integrals in (1), (2), 
(3), and (4) arc functions of V only. Moreover, V and W are known from 
experiment to be functions of Xp~^\ it then follows that S, is a function of 
p and Xp~^, and that t], and F, are functions of Xp~^ only. This is of 


Cf. Appendix (I) 
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particular importance experimentally because, for an electron swarm 
moving in a uniform electric field, X and are two of the characteristic 
properties most easy to measure. 

3— The Energy Balance Expression—ln considering the energy balance 
in the gas it is necessary to take into account, in addition to the fractional 
energy loss for collisions involving excitation of the molecules (for which 
we shall continue to use the symbol F,), the fractional energy loss associ- 
ated with elastic collisions and those resulting in loni/ation ; these two 
quantities are conveniently denoted by F,| and F, respectively, and they 
may be derived from (5) by using the appropriate values of Q, (V) and 
V^. The postulated condition of the steady state then requires that 

F,+ F„-hSF, 1, 

where the summation extends over all the possible excitation processes. 
Since in practice the summation is restricted to the principal excitation 
processes only, the form of the energy balance expression which is of 
practical importance is 

F, -f Frf f SF, £ I. 


4 — Particular Forms for /), and F, Corresponding to a Maxwellian 
Electron Energy Distribution — For a Maxwellian distribution we have* 

f{W).dW = V . V‘'-® . e 

On inserting this expression for f{y).d\ in (3) and (4) we find, after 
evaluating the numerical terms, 

•/;, - Ati . (W . Xp-I) ' V-'-' 1 0, (V) . V . e ' '^v/v jy ^3 1) 
and 

F, - A:i . (W . Xp-i) > V-i-’ J Q, (V) . V,. V. . rfV, (4.1) 

where 

ki -- 3 87 . 108. 

* This may be derived from the more usual form involving the r m s. velocity, v, 
by the relation 

0 5/ni)‘- l-5AT, = eV/300, 

where k is Boltzmann’s constant, T, the electron temperature in " K., and e the elec- 
tronic charge in e.s.u. 
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III— The Numerical Results for the Fractional Energy Losses 
AND THE Energy Balance 

The calculations of the F terms (and also of the r) terms discussed in 
the next section) have been carried out for the range of Xp~^ for which it 
was found in Part I that the assumption of a Maxwellian electron energy 
distribution led to absolute values of the Townsend coefficient cup in 
good agreement with experiment. The details of the procedure adopted 
in carrying out these calculations, and the sources of the relevant auxiliary, 
are described in the Appendix The results for the F terms arc given in 
Table I. 


Table I — The Fractional Energy Loss F in Elecfron Collision 
Processes in Hydrogen, and the Total Energy Lo.ss SF ior an 
Assumed Maxwellian Electron Energy Distribution 


V Xp-* 

Ion- 

ization 

2 13 0 02 

3 21 0 02 

4 31 0 05 

5 42 0 09 

6 55 0 13 

7 68 0 18 

8 80 0 19 

9 93 0 21 

10 105 0 22 


F values 


»I1„ »2:„+ 

0 02 0 04 0 00 
0 12 0 15 0 02 
0 27 0 18 0 04 
0 39 0 16 0 04 
0 45 0 12 0 04 
0 48 0 10 0 04 
0 50 0 08 0 03 
0 50 0 07 0 03 
0 48 0 05 0 02 


IF 

Vibra- Elas- 

tion lie 

0 05 0 67 0 80 

0 03 0 44 0 78 

0 01 0 24 0 79 

0 01 0 14 0 83 

0 00 0 10 0 84 

0 06 0 86 

— 0 05 0 85 

— 0 04 0 85 

0 03 0 80 


An interesting result of the calculations for the three electronic transi- 
tions IS that F, (and r,,} passes through a maximum value, and that 
although the critical energies do not differ widely amongst themselves, 
the value of at which the maximum occurs is much greater for the 
singlet state than for the triplet states. The maximum for F,* also occurs 
at a high value of Xp * ; this similarity to the singlet state is to be expected 
because the transitions are optically allowed and may therefore be expected 
to be characterized by similar curves for the dependence of the Q’s on the 
electron energy. 

The values of the total fractional energy loss 2IF given in column 9 are 
approximately constant, the mean is 0-82 with an average deviation of 
3%. It is now necessary to review briefly to what extent the values of SF 

* The results in Part 1 were expressed in terms of the Townsend coefficient of ioniza- 
tion, ; the conversion of such values into F/s is given in the Appendix. 
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depend upon adjustable constants, arbitrary assumptions, or approxi- 
mations, describ^ in the Appendix. Experimental data have been used 
for F<; calculation would have given values about 10% lower, but this 
would lead to a diminution in ilF of only 3% at the higher end of the range 
of \p~^, and the difference is thus not significant. There is some un- 
certainty about the constant A* * * § which determines the F, values for the 
state, but the experimental data for the total and ionizing cross- 
sections greatly restrict the possible values for A an increase in A of 33% 
produces a slight maximum in SF in the middle of the range, and alters 
the mean to 0-94 with an average deviation of 6%; a diminution in A 
of the same amount causes a downward drift of I)F, and alters the mean to 
0-70 with an average deviation of 4% The factor 1 /3t has been used in 
estimating the amplitude of the cross-sections of the upper triplet state 
from those of the lower : the true factor probably lies between 1 /2 and 
1/5, and the use of either of these would neither disturb the steadiness nor 
the mean value of SF as given in Table I by more than 2%. A small error 
has been introduced in the values of F, for vibrational excitation by 
neglecting the cross-scction for V >6, this is only appreciable at the 
higher values of Xp but is unimportant for the energy balance because 
the values of F, are then less than 1% of SF.t Possibly the least certainty 
attached to the values for the elastic loss F,„ since the factor/giving the 
excess over the classical loss in a single collision^) was derived for one 
value of V and assumed valid over a wide range , on the other hand, there 
appears to be little doubt that /is appreciably greater than unity. 

The foregoing examination of the £F values shows that neither their 
mean value nor their constancy in the range of \p ^ concerned is signifi- 
cantly sensitive to the adjustable constants and approximations involved 
in calculating the component F, terms; moreover, the mean value of 2F 
does not he far from unity. 

IV— The Comparison of the Calculated Energy Efficiencies with 
Experiment for the Electronic Transitions 

There are two sets of experimental investigations which provide data 
which may be compared with the calculated values of the rj/s for the 
excitation of the two triplet states; unfortunately, in neither case have the 
conditions postulated by the theory been completely fulfilled. The values 

• Appendix, (2). 

t Appendix, (4) 

} Appendix, (5). 

§ Appendix. (6). 
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of ■>), for the intensity of the continuous spectrum (emitted by mole- 
cules) in arbitrary units may be derived from the data of Chalonge;* * * § and 
the energy efficiency for the production of atoms yih in direct current 
positive column discharges in streaming hydrogen has been investigated 
by Poole (private communication) in these laboratories. 

Since the comparison of the calculated and experimental values of t], 
for the triplet states in Table 1 presupposes the validity of the values of V 
and W for discharges of much higher current density than those in which 
these quantities were determined, it is pertinent to point out that Harris’st 
data on the Hall effect in positive column discharges through hydrogen 
show that the values of W are still valid under these conditions. For the 
continued validity of the values of V at such high current densities there 
appears to be no experimental evidence, but the fact that the values for 
one component of the total motion, W, continue to be valid is at least a 
very strong indication that the same is true for the values of the mean 
energy of the total motion V ; further support for this view is afforded by 
the recent theoretical analysis of the relation between V and W by Brad- 
bury and Nielsen. t 

(1) The Continuous Spectrum — Chalongc§ has examined the dependence 
of the intensity of the continuous spectrum I on the pressure in the range 
1 ■ IS to 70 mm. for a positive column discharge of SO ma in a tube 6 mm. 
diameter and 10 cm. long ; it was found to pass through a well-defined 
maximum for p — 3. When the potential V across the tube is known, it 
IS a simple matter to evaluate Xp ' and also the energy efficiency for the 
excitation process, the latter being given in arbitrary units by = I /V. 
Dr. Chalonge in a private communication has kindly furnished us with 
the data from which his published curve was drawn and with the corre- 
sponding values of the electrode potential; from the latter, values of V 
have been obtained by deducting the normal cathode fall for aluminium 
electrodes, 200 volts.] | 

The resulting values of X/>"^ V, and y)„ are, however, somewhat un- 
certain averages because low frequency alternating potentials were used 
to maintain the discharge. These experimental values for the dependence 
of If), on Xp~^ for the excitation of the state are shown in fig. 1, the 
calculated values being represented by the full line; since the experimental 

* ‘ Ann. Physique,’ scr. 11, vol. 1, p. 123 (1934). 

t ‘ Phil. Mag.,’ vol. 17, p. 131 (1934). 

t ‘ Phys. Rev.,’ vol. 49, p. 388 (1936). 

§ ‘ Ann. Physique,’ ser 11, vol. 1, p. 123 (1934) 

II Knoll-Ollendorf-Rompe, ‘ Casentladungstabeilen,' Leipzig, 1934. 
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values are in arbitrary units their values have been adjusted to agree with 
the calculated one at Xp~^ = 31 It is seen from fig. 1 that the experi- 
mental values follow the general trend of the calculated values surprisingly 
well. 

This result must be regarded to some extent as fortuitous in view of 
the uncertainties already mentioned in deriving the experimental valuM 
for 7), and Xp and because it is not certain that the dependence of V 
and W on in low frequency alternating fields is the same as that 

measured for steady fields. 

Quite recently experiments have been commenced in these laboratories 
to repeat Chalonge's work under conditions more closely approximating 
to those required by the theory by using direct current uniform positive 



Fig. I 

column discharges through streaming hydrogen. Whilst no quantitative 
data are yet available, the results show that r„ falls off as Xp ' is increased 
from 50 to 200 in much the same way as is predicted by the calculated 
data represented by the curve in fig 1 ; the experiments also indicate that 
the position of the maximum is about Xp ' = 45 J; 7, whilst the theoretical 
value IS Xp-^ = 42. Considered in conjunction with Chalonge’s data 
there remains, therefore, little doubt that the calculated values of 
predict satisfactorily the observed trend of the dependence of the intensity 
of the continuous spectrum on Xp K 

2 — The Product ton of Hydrogen Atoms — The importance of Poole’s 
determinations of the efficiency of the production of hydrogen atoms 7)u 
is that they afford a quantitative test of the theoretical calculations. 
Since the excitation of the and *21,+ states leads in each case to the 
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ultimate production of two hydrogen atoms, for any given value of 
the calculated energy efficiency for the production of atoms tjh is given 
by twice the sum of the r),’s for these two states For the atoms actually 
measured, Poole has obtained a mean value of tin about 8-6 x 10”* 
atoms per electron-volt, the corresponding values of Xp-^ ranging from 
about 17 to 29. The true values of iqj, must have been considerably 
higher because of the loss of atoms by recombination; the difficult 
corrections for this and for the effect of the streaming velocity have been 
attempted by Poole and lead to the values given in Table II, column 3. 
Now, the maximum calculated value of ■»)„ is 4-40 x 10 * at Xp”* = 31. 
It will be observed that the maximum value derived from these experiments 
on the formation of hydrogen atoms in a striated positive column dis- 


Table II — The Energy Efficiency of Atom Formation 


Xp 

13 

17 

18 
20 

25 

26 
30 


105 


>:rt, calct 
2 8 10-« 

7 2 

8 2 
10 0 
12 2 

12 4 

13 0 
12 0 

6 6 
4 4 


7)u, expt. 


10 6 
7 6 
11 8 
12 6 
14 4 
10 0 


10 -* 


t For purposes of comparison the values in column 2 have been calculated, using 
cross-sections for the triplet states three times greater than those used for the F, values 
in Table I 


charge is larger by a factor of about 3 than this calculated maximum, 
which IS based on Massey and Mohr's* cross-section calculated by wave 
mechanics. Dr. Massey, in a private communication, has pointed out 
that although these values of the cross-section probably represent correctly 
the form of the dependence of the cross-section on the electron energy, 
there may be some uncertainty in their absolute magnitudes. 

Whilst Poole’s data arc not strictly comparable with the theoretical 
values because the postulated condition of an electron swarm moving in 
a uniform electric field is not fulfilled, the trend of the experimental 
values is approximately that predicted by the F, values in Table I, and 
the concordance becomes approximately quantitative (r/. Table 11) if it 
is assumed that Massey and Mohr’s cross-sections for the lower triplet 

• ‘ Proc. Roy Soc.,’ A. vol. 135, p. 258 (1932); these published values require to be 
corrected by the factor 1/30, cf. Appendix, (3). 
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state are too small by a factor of 3. This suggests that a striated discharge 
may differ little in effect from a uniform one. It is therefore interesting 
to consider what would be the effect on the 2F values if it were assumed 
that the true cross-sections for the two triplet states were three times larger 
than those used in compiling Table I. The SF values then rise from 0-87 
to a maximum of 1 -23 at Xp ^ = 42 and then slowly fall to 0 95 at the 
upper end of the range, the mean being 1 -09 Whilst the trend of these 
IF values is less satisfactory than those in Table I, it is still true that the 
energy balance is approximately fulfilled. It would not be profitable to 
carry this discussion of the triplet cross-sections further until experi- 
mental data are available for atom formation in a uniform positive column. 

3 — The Excitation of the *IT, State — ^Thc only experimental observa- 

tions bearing on the calculated y], values for the singlet state are that the 
intensity of the ' bands emitted from a positive column discharge 

is markedly increased both by roughening the interior surface of the 
discharge tube* and by diminishing the pressure ;t at the same time it was 
found that the intensity of the continuous spectrum is decreased. The 
effect of roughening is probably to increase the effective surface for 
recombination of ions and therefore to increase the value of Xp-^ and 
the same effect would almost certainly result from decreasing the pressure. 
It can be seen from the trend of the F values in Table 1 that for Xp * > 40 
an increase in Xp"^ would account for the observed changes in intensity. 

4 — The Stationary Concentration of Normal Hydrogen Molecules — In 
deriving the calculated values of F, in Table I, it has been assumed in 
accordance with the conditions postulated in § 1 that the stationary con- 
centration of all products of electron collision processes are negligible 
compared with that of hydrogen molecules in the ground state. Whilst 
this is easily demonstrated for such very low current densiues as, for 
example, are used in Townsend’s experiments to measure V, W, and 
otp-^. It is important to point out that the rate of destruction of molecules, 
for example, by the excitation of the triplet states, is very considerable 
for the current densities in positive column discharges. In order to 
illustrate this, it will suffice to consider the rate, R„ of destruction of 
molecules by the excitation of the ’I,'*' state for the conditions when the 
calculated value of tj, is a maximum, Xp"^ — 31, and for a current density 
of 1 ma. cm * or 6-3 x 10’’’ electrons cm.~* sec.“*. From the definition 
of K), and R, we have R, = n, . W . X . t),, and since the current density 


* Hymann, ' Phys. Rev.,’ vol. 36, p. 187 (1930). 
t Jepperson, ‘ Phys. Rev vol. 44, p. 165 (1934). 
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/;,W is known and 7 ;, ^ F,V, ' (Tabic I), we may evaluate R, for any 
specified pressure, for p = 1, and therefore X = 31, we find R, ^ 3 7 x 
But the total number of molecules present is only 3*5 c 10^*, or 
about 1 1 % of the molecules initially in the ground state would be destroyed 
in 1 second. In order to maintain the concentration of ground state 
molecules greater than, say, 99% of the whole, it would therefore be 
necessary to maintain a stream of (ground state) hydrogen molecules 
through the electron swarm such that the gas is replaced at least eleven 
times a second. 


Conclusions 

The results given in Table T show that, over a wide range of there 
IS a satisfactory agreement with experiment for the calculated energy 
efficiencies for the excitation of the triplet states, and that the energy 
balance condition is approximately fulfilled for six types of collision 
processes, which, on general grounds, arc likely to include all the important 
ones. The only assumption involved m the calculations not based on 
experiment or theory is that the form of the electron energy distribution is 
Maxwellian 

In considering the results for the energy balance it must be remembered 
that there are uncertainties in the magnitudes of the cross-section of 
ail the processes considered except ionization; whilst it has been shown 
that the results calcukated are but slightly sensitive to the estimated un- 
certainty in the cross-sections, no exact fulfilment of the energy balance 
condition (apart from the discrepancy due to the neglect of the higher 
electronic transitions) is therefore to be expected while these uncertainties 
remain. The sensible fulfilment of the energy balance condition leads 
to the conclusion that the Maxwellian distribution represents the actual 
distribution to a close approximation, and, moreover, by including 
elastic losses, removes any restriction on the range of electron energies 
concerned; it thus confirms and extends the conclusion reached in Part I 
by considering ionizing collisions only. Strictly speaking, this deduction 
is valid only for the low range of current density to which the values of V 
relate. As pointed out m Part I, there are no theoretical reasons for 
supposing that the Maxwellian distribution might be anything more than 
an approximation to the true one. 

An alternative way of regarding the matter is to consider that the cross- 
sections for all the possible processes determine the possible electron 
energy distribution. The results for the energy balance may then be 
interpreted to signify that, on account of the particular values of the 
cross-sections for the various possible collision processes in hydrogen, the 
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distribution does not change greatly over the range of Xp ~ ' examined, 
and that its form is close to the Maxwellian. It is interesting to consider 
what perturbation of the Maxwellian distribution would be necessary 
to increase the values of ilF as given in Table I to unity. This could be 
effected by increasing the fractional concentration of fast electrons capable 
of ettccting electronic excitation and ionization The necessary increase 
would be less than 0 05% of the total electrons at the lowest value of 
Xp ^ in Table I, and only 8% at the highest. Such increases would have 
little effect on the elastic loss values as given in Table I 

Despite the fact that in the experiments of Chalonge and Poole the 
conditions postulated by the theory have not been exactly fulfilled, the 
agreement now presented (fig 1 and Table II) between the calculated and 
experimental data for the energy efficiencies for the excitation of the 
triplet states is very satisfactory. This agreement is given added weight 
by the more recent experiments on the continuous spectrum in which the 
conditions postulated by the theory have been more closely fulfilled 
Admittedly the significance of this agreement rests in part on the sup- 
position that the measured dependence of V on Xp ^ is still valid at the 
higher current densities in positive column discharges ; but reasons have 
been given previously believing this to be so. 

Since these calculated values of >] (and F) arc independent of any 
further assumption concerning the current density, it then follows that 
the Maxwellian distribution is probably also a close approximation to the 
true one at these high current densities found in positive column dis- 
charges; It IS interesting to recall that Langmuir probe data for such 
discharges frequently lead to the same conclusion. 

From the point of view of the use of discharges either as a source of 
light or for the production of chemical change, the results for the energy 
efficiencies are particularly interesting, for they illustrate that in the 
positive column it is to be expected that these quantities will depend 
greatly on the value of Xp ‘, and, moreover, that there will be well-defined 
conditions where they attain a maximum value and which are mainly 
determined in a given gas by the form of the curves for the dependence of 
the cross-section on the electron energy. 

Summary 

This paper makes an attempt to calculate the absolute values of the 
energy efficiencies and fractional energy losses for the principal collision 
processes effected by an electron swarm moving through molecular 
hydrogen in a uniform electric field. The data used in calculating these 
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quantities are the absolute probabilities in single collisions derived partly 
from experimental and partly from theoretical data, and the dependence 
of the mean electron energy and drift velocity on Xp~^ as determined by 
Townsend The assumptiommade is that the form of the electron energy 
distribution is Maxwellian 

Satisfactory agreement with experimental data is obtained for the 
energy efficiencies for the excitation of the two lowest triplet states The 
total fractional energy loss is approximately constant over a wide range of 
Xp~^ and IS close to unity; this result is shown to be insensitive to the 
adjustable constants and approximations involved. These results con- 
firm the conclusions reached in Part I, and establish that, over a wide 
range of X/j ’ the actual rates of electron collision priK'esses arc, to a 
close approximation, those arising from a Maxwellian distribution ; they 
also indicate that this is probably the case over a wide range of current 
density. 

The authors wish to express their cordial thanks to Dr H S W Massey 
for many suggestions and helpful discussions, and to Mr H G Poole 
or his kindness in supplying unpublished information 

APPENDIX 

The Data and Procedure used in Calculating and Ffor the Princ ipal Collision 
Proi esses 

(1) V and W — The dependence of these quantities on Xp ’ has been 
determined by Townsend, and his data are given m Part I, Table 1 At 
the higher values of \p ’ it was pointed out in Part I that the energy 
associated with the drift motion is appreciable in comparison with that of 
the random motion to which latter the measurements of V relate; it was 
also shown there that, to a first approximation, allowance may be made 
for the drift energy by considering the total motion to be sensibly isotropic 
but with the mean energy V I where V« - 2 84 x 10“** W* is the 
energy associated with the drift motion. This procedure was found to 
lead to calculated values of the Townsend coefficient in very good 
agreement with experiment (Part I, Table X) and has therefore been 
adopted here [except for the excitation of the 'll,, state, cf (2)]. Con- 
cerning the actual values of W it may be noted that the recent determina- 
tions by Bradbury and Nielsen (loc. cit.), using a new method for Xp * < 20, 
confirm those of Townsend. 

(2) The Excitation of the *11, State — ^The value of V, is known from 
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spectroscopic data,* 12-6 electron-volts. There are no data for Q,(V), 
but since ^is is an extreme case of an optically allowed transition, esti- 
mates may be derived in the following way. By analogy with similar 
atomicf and molecular| transitions, and from the predictions of theory, § 
it is to be expected that Q«(V) will rise approximately linearly with V 
passing through a broad maximum for V = 3 — 5V„ and that in this 
latter region it will form the main contribution to the total cross-section, 
Qt (V), apart from the ionizing cross-section, Q< (V), or Q, (V) = Qx (V) 
— Q< (V). For V = 64, using the data of Normandy Qx (V) and of Tate 
and Smith for Q<(V),Tf we find Q.(64) ~ 2 06 imo*. For the initial 
‘ linear ’* region, V < 3V„ we may use the approximate expression 
Q, (V) = A . (V — VJ, and the mean gradient of Q, (V) between V = V, 
and V = 64 then sets a lower limit to the value of the constant A, 0-04. 
Again by analogy with similar transitions, it appears that a reasonable 
value to take for A is the somewhat greater value, 0 10 which we adopt 
here. Whilst it is obviously ditficult to assess the error in this estimate, 
we believe that it is probably correct within a factor of 2. 

This approximate expression for Q,(V) has been introduced into (3.1) 
and (4.1) in order to derive the values of t), and F„ using for the latter 
= V«. This procedure is strictly analogous to that adopted in 
Part I (c/., for example, the derivation of in Table I of that paper), 
where it was found to give satisfactory agreement with experiment (for 
ionization) if no correction for the energy of drift motion were applied 
to the mean energy. Since the two cases are closely similar, we have 
performed the calculations for the state likewise without applying this 
correction. By comparison with the data for ionization (Part I, Table I) 
it may be estimated that the error in the resulting values of -y;, and F, does 
not exceed 25% apart from the uncertainty in the value of the constant A. 

3 — The Excitation of the State — ^The values of Q, (V) have been 

calculated by Massey and Mohr** assuming V, ~ 1 1 • 5. Dr. Massey has 
informed us in a private communication that the appropriate correction 
for the value V, — 9-5 derived from spectroscopic datatt is effected by 

• Mulhken, ‘ Rev. Mod. Phys.,’ vol. 4, p. 1 (1932); Richardson, “ The Molecular 
Spebtnun of Hydrogen,” London, 1934. 
t Hanid and Larche, Lees, loc. clt. 
t Langstroth, he. cit. 

{ Mott and Massey, op. cit.; Massey and Mohr, loc. cit. 

|] Normand, ‘ Wiys. Rev.,’ vol. 33, p. 1217 (1930). 

H Tate and Smith, ‘ Phys. Rev.,’ vol. 39, p. 270 (1932). 

** Mott and Massey, op. cit. ; Massey and Mohr, loc. cit. 
tt Winans and Stuededberg, ‘ Proc. Nat. Acad. Sd., Wash.,’ vol. 4, p. 867 (1928); 
Finkeinber* and Weizel, ‘ Z. Physik,’ vol. 68, p. 577 (1931). 
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reducing the scale of V by the factor 9* * * § 5/1 1*5. He has also informed us 
that a recent check of the calculations leading to the Q, (V) values has 
shown that the published data require to be corrected by the factor 
1/30.* The values of v) and F, have been calculated according to (3.1) 
and (4.1) using for the latter Vj, = V,, 

The shape of the curve for the dependence of Q, (V) on V suggested that 
a simple approximation for this is to take Q, (V) equal to the mean value, 
0 *16 7100*, in the range V, to 2V<, and zero elsewhere; the advantage of 
this approximation is that the integrals in (3.1) and (4.1) can then be 
evaluated algebraically. On comparing the values of y), derived from 
this approximation for Q, (V) with the true ones it was found that, for 
the range of in Table I. they were low by 14% on the average; the 
error introduced by the approximate expression for Q, (V) is thus small, 
a result we shall make use of in considering the excitation of the 
state. 

4 — The Excitation of the *£,■*■ State — From spectroscopic data it is 
known that V, — 12 electron-volts.f Since there are no data for Q, (V) 
it IS necessary, as for the Ml, state {q.v.), to fall back on the predictions of 
theory and the analogies that may be drawn from the data for atomic 
transitions ; these indicate that the variation of Q, (V) with V will closely 
resemble that for the lower triplet state previously considered, and the 
amplitudes will be about a third smaller. In the absence of more precise 
data we have therefore felt justified in using the type of approximation 
which was found satisfactory for lower triplet state, and which, from the 
foregoing considerations, now takes the form Q, (V) = 0*055 tcoq* from 
V, to 2V,. The values of y], and F, have therefore been derived by intro- 
ducing this approximation in (3.1) and (4.1) using for the latter = V,. 

5 — The Excitation of the First Vibrational State— From spectroscopic 
data it is known that V, = 0*53 electron-volt.J For V --= 7, Massey has 
calculated Q, (V), 0 *07 -na^ ;§ this value is probably valid down to V — 3,|| 
for which there is experimental support in Ramien’s^ determinations of 
the energy loss suffered by slow electrons. For simplicity in performing 

• These corrected values are given m the following table, the original ones from 
which the published curve was drawn being kindly supplied by Dr. Massey:— 

V = 9*5 10*3 12 4 14*5 16 5 18*6 

Q,(V) - 0 0*16 0 22 0-22 0 16 0 10 

t See footnote tt, p. 164. 
t Mulliken, Richardson, loc. clt. 

§ Massey. ‘ Trans. Faraday Soc.,’ vol. 31, p. 556 (1934). 

II Massey, private communication. 

K Ramlen, ‘ Z. Physik,’ vol. 70, p. 353 (1931). 
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the calculations of ti, and F, according to (3.1) and (4.1), using for the 
latter Vi, = V„ we have assumed that Q,(V) has the constant value 
0 07 over the slightly shorter range from V = 3 to V == 6, and zero else- 
where. This procedure does not introduce an error significant for the 
purposes of this paper because the values of r), and F, are in any case very 
small except at the lower values of Xp~^ where the fractional concentra- 
tion of electrons having V > 6 is also small. 

6 — Elastic Collisions — For V < 9* ** 5 thecross-section. Q,i (V) is approxi- 
mately equal to Qt(V) because Q,(V) is negligible compared with the 
latter, and because, as Massey has pointed out,* the cross-section for the 
only other possible process, rotational excitation, must be much less than 
Q,(V). For V>9*5 we have taken 0,i(V) to be equal to Qt(V) 
diminished by the sum of the Q’s for ionizationf and for the three electronic 
transitions considered previously. Bradbury and Nielsen have pointed 
outj that Ramien's data§ indicate that the energy loss average in a single 
collision, Vl, ,(, must exceed the classical value, (2m/M) . V, by the factor 
/. For V = 4-2 Ramien found Vt, = 0*02 V, hence, following Bradbury 
and Nielsen but making allowance for the loss in vibrational excitation, 
Vl.,, we have, for the energy loss per cm. of electron track, — <fr/dx,§ 

= (3 • 1 5 . p) . 0 02 . V . Qt (V) 

(3 • 15 .p) . [V,,„ . Q., (V) + Vl., . Q, (V)] ; 
from this we find, for V = 4-2, that /= 7-8 using as before Normand’s 
data for Qt (V)|| and Massey’s for Q, (V).* In the absence of other 
data we have assumed that this value of /is valid over the whole range of 
V concerned in our calculations; values of F,, have then been calculated 
from (4.1) using values of Q,i(V) derived as indicated above from Nor- 
mand’s data for Qt (V).1| 

7 — Ionization — From the definition of the Townsend coefficient of 

ionization, t a, and from that of the energy efficiency of a collision pro- 
cess (p. 15), it follows that tj, = = op-* . (Xp“^)~*; since, for this 

process, Vi = V, = 15-8 electron-volts, the values of F, follow immedi- 
ately. We have used the experimental data for ap“^ as a function of 

* Masiey, he. clt. 
t Tate and Smith, loc. cit, 
i Biadbury and Nieben, loc. clt. 

6 Mott and Massey, op. clt., chap. ix. 

II Normand, he. clt, 

H Townsend, op. clt. 

** ‘ Handb. Exp. Physik,’ vol. 13, part 3, p. 1 12. 
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The Lattice Spacings of Certain Primary Solid Solutions 
in Silver and Copper 

By William Hume-Rothery, Warren Research Fellow of the Royal 
Society, George Farley Lewin, and Peter William Reynolds, 
The Old Chemistry Department, Oxford 

(Communicated by W. L. Bragg, O.M., F.R.S. — Received 20 May, 1936) 

1— Introduction 

In continuation of previous workt valency effects in alloys, the 
present paper describes an investigation of the mean lattice spacings of 
primary solid solutions of cadmium, indium, tin, and antimony m silver, 
and of zinc, gallium, and germanium in copper. From these measure- 
ments the mean lattice distortions at equiatomic compositions are com- 
pared. The term “ mean lattice distortion ” is used here to denote the 
difference between the lattice constants of the solid solution and the 
solvent metal, as measured by the ordinary powder method of X-ray 
crystal analysis. It is well known that in solid solutions the X-ray 
methods give the mean lattice distortions, while more or less intensely 
localized regions of distortion may occur without preventing the formation 
of sharp diffraction lines. The present experimental data refer to the 
mean values only. 

2 — Experimental 

X-ray Technique— The lattice constants were determined from Debye- 
Scherrer photographs obtained with a 9 cm. diameter camera of the type 
used by Bradley and Jay,): in conjunction with a demountable X-ray tube 
made by the Metropolitan Vickers Electrical Co., Ltd., to whom the 
authors must express their thanks for instruction in manipulation. The 
powder specimens were made from filings which had passed through a 
380 mesh sieve, and were mounted on a hair with Canada balsam. The 
camera contained a sliding window through which a thermocouple was 
inserted with its hot junction near to the specimen, and the temperature 
was controlled accurately by blowing a current of air round the camera. 

t Hume-Rothery, Mabbott, and Chaiuiel-Evans, ‘ Riil. Trans.,’ A, vol. 233, p. t 
(1934). 

t Bradley and Jay, ’ Proc. Phys. Soc.,’ vol. 44, p. S63 (1932). ' 
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The camera was standardized against quartz as recommended by Bradley 
and Jay,t whose cos* 0 extrapolation method^ was used throughout the 
work in order to eliminate errors due to absorption, film shrinkage, 
eccentricity of the specimen, etc. The effective height of the specimen 
was limited by the size of the aperture admitting the X-rays, and was thus 
a constant throughout the whole series of experiments. The films were 
measured on a travelling microscope kindly lent by Professor F. Soddy, 
F.R.S., which read accurately to 0 01 mm., and allowed estimation to 
0-002 mm. The centre of darkening of each line was measured four 
times,§ and duplicate measurements of the same film showed that the 
measuring technique gave results reproducible to 0-0001 A. The lattice 
constant determinations have been reduced to standard temperatures of 
24° C. for the silver alloys and 23° C. for the copper alloys, since, although 
constant in any one experiment, the actual temperature varied with that 
of the room. For this correction it was assumed that the coefficients of 
expansion of the alloys were the same as those of the solvent metals; 
data for other alloys suggest that, since the temperature corrections were 
rarely as much as 3° C., the error introduced by this assumption is 
negligible. When the correction was made, duplicate photographs from 
the same specimen gave results agreeing within 0-0001 A. In the course 
of the work, slight alterations were made to the slit system controlling 
the width and divergence of the X-ray beam, but duplicate experiments 
suggested that any errors introduced were within the above limits. The 
accuracy was increased as the work proceeded, and it is considered that 
nearly all the results given for silver alloys and the later results for copper 
alloys were reproducible to 0-0001 A. The earlier results were repro- 
ducible to 0-0002 A., and are distinguished in the tables by the mark *. 

The standard angle of the camera, as given by shadows of the fixed 
knife edges, corresponded with an angle of 84-989° in the Bragg equation. 
Cobalt radiation was used for all the alloy diffraction photographs. 
With silver alloys this gave strong well-defined K, doublets for the 024 
and 133 lines at approximately 78° and 72° respectively, and the lattice 
spacings depended entirely on extrapolation from the points calculated 
foz these lines. The 400 line was also measured, and was clearly resolved 
in the majority of the alloys {see p. 170). With the copper alloys cobalt 
radiation gave {see p. 173) high angle 400 lines at approximately 82°, 
with 222 and 1 13 lines at 59° and 55° approximately, which were distinctly 
resolved. 

As in the work of Bradley and Jay,t values obtained from the K., and 
t Bradley and Jay, ‘Free. Phys. Soc.,* vol. 45, p. 507 (1933). 
t Ibid,, vol. 44, p. 573 (1932). 

8 With faint linn six measuFements were made. 
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1C,s doublets were averaged in the ratio 1.*, and the fundamental 
•constants on which the results depend are as follows : 

for the calibration of camera 

Copper radiation = 1537-395 X . U 

XK„8= 1541-232 X.U 
Quartz at 27" C. a 4246 - 53 X . U 

f/fl - 1-09996(5) 


for the experimental values 

Cobalt radiation XK.^ - 1785-29 XU 

XK.2= 1789 -19 XU 

The wave-lengths are taken from the 2nd edition of Siegbahn’s “ Spektro- 
•skopie der Rbntgcnstrahlen 

b — Preparation of the Specimens— Great difficulty was found in deter- 
mining the composition of the filings in the specimen with an accuracy 
equivalent to that of the lattice constant measurements. The technique 
finally employed is being published elsewhere.f The alloy was always 
annealed to equilibrium in lump form, after which 0-5 to 1-0 gm. of 
filings was prepared with precautions to avoid contamination or errors 
•due to segregation effects. The filings were annealed in evacuated tubes 
to relieve mechanical strain, and rapidly cooled in air. The whole sample 
was then sieved and a small portion of the well-mixed fine filings removed 
for the preparation of the X-ray specimen. The remainder of the filings 
was analyst, both metals being determined, so that all figures given are 
based on the analysis of filings, and not of lump-alloy. These methods 
were found to be essential in order to obtain strictly reproducible results, 
and the details of the technique should be consulted. 

3— Results 

a — Pure Silver and Copper 

The lattice constant of chemically pure silver was determined as 
4-0778, ± 0-0001 A. at 24" (= 4-07737 at 18° C.),t which is in good 
agreement with the values of 4-07707 and 4-0771, at 18° obtained by Owen 

t Pap« to appear in ‘ J. Inst. Mrt.’ 

t All experimental values have been corrected for the deviation from the Bragg 
Law. 
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and Yatesf for less pure silver); with cobalt radiation, and with the value 
of 4 0774r, at 18° obtained by Jay§ with copper radiation. 

Some specially pure copper was kindly provided by the British Non- 
Ferrous Metals Research Association, and for this the lattice constant was 
determined as 3-60736 at 23°, which corresponds with 3-60706 at 18°. 
This is distinctly lower than the values of most other workers,|| who give 
values from 3-6077 to 3 -6079 A. with copper radiation, although Owen 
and Yates give a lower value of 3-6076 A. with cobalt radiation. Part of 
this differenee may be due to the use of copper radiation for the standard- 
ization of the camera, and cobalt radiation for the parameter determina- 
tions, since the work of Owen and Yates showed that cobalt radiation 
frequently gave results lower than those obtained by the use of other 
radiations. 

b — Silver-Cadmium 

The silver-rich alloys were supplied by Messrs. Johnson, Matthey &. 
Co., Ltd., in the form of rods, whilst three other specimens (Nos. 6, 7, 
and 8) were kindly prepared in the form of i-in. sand castings by the 
British Non-Ferrous Metals Research Association. The results are 
shown in Table f, and plotted graphically in fig. 1. The films were all of 
the highest quality except for alloys Nos. 3 and 5, where the 400 lines 
were not so clearly resolved. TTie mean lattice spacing-composition 
curve is definitely not linear, the mean lattice distortion in the concentrated 
solid solutions being greater than that required by a linear relation. The 
points lie on a smooth curve from which no point differs by more than 
0-0002 A. except that for alloy No. 6, which is 0 -0006 A. too high. The 
figures agree well with the data of Westgren and Astrand,^ who gave the 
value 4- 140 A. for an alloy containing 28 -S atomic per cent of cadmium. 

c— Silver-Indium 

Alloys Nos. 2, 4, 6, and 8 were prepared by remelting cooling curve 
ingots used by one of us** with 99-99% silver grain. The indium in the 

t ‘ Phil. Mag.,’ vol. 15. p. 472 (1933). 

t The silver used by Owen and Yates is desenbed as being of 99-9% purity, and we 
are informed by Messrs. Johnson, Matthey & Co., Ltd., that silver of this class is 
usually not less than 99-96% pure, the chief impurity being copper which decreases 
the lattice spacing; a deUuled comparison cannot therefore be made. 

S ‘ Z. Knstallog.,’ vol. 86. p. 106 (1933). 

II Owen and Yates, ‘ Phil. Mag.,’ vol. 15, p.472 (1933); Obinata and Wassermann,. 
‘ Naturwiss.,’ vol. 21, p. 382((1933); Barrett and Kaiser, ‘Hiys. Rev.,’ vol. 37* 
p. 1695 (1931). 

H • Z. anorg. Chem.,’ vol. 175, p. 90 (1928). 

** Hume-Rothery and others, ‘ Phil. Trans.,’ A, vol. 233, p. 1 (1934). 
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original ingots y/&& from a specially pure sample of 99-98% materiaf 
supplied by Messrs. Adam Hilgcr, Ltd. The remaining alloys were 
prepared from chemically pure silver and the purest indium supplied by 
the Indium Corporation of America.t The metals were melted under 
charcoal in small Salamander crucibles, and were cast in the form of ^in> 



Flo. 1— Lattice spadngs of primary solid solutions of cadmium, indium, tin, and 
antimony m silver. 

cylindrical rods in sand moulds in order to reduce inverse segregation 
effects. The results are recorded in Table 11. The lattice-spacing com- 
position curve (hg. 1) is again not a straight line, but shows an increased 
gradient at the higher concentrations. A smooth curve can be drawn 

t This metal was found to contain less than 0-02% of lead. 
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Table I 

Lattice 

Alloy No 

Wt.%Cd 

At. % Cd 

constant 


at 24° 

1 

215 

2-07 

4 0814, 

2 

2-75 

2-64 

4 0826i 

3 

3-66 

3-52 

4-0844, 

4 

4-10 

• 3-94 

4-0852, 

5 

6-50 

6-25 

4-0901, 

6 

9-72 

9 37 

4 0971, 

7 

16-97 

16-40 

•4 1116, 

8 

26-55 

25-76 

•4 1338, 

Lump anneals— Nos. 1, 

. 2, and 4. 

120 hr. at 600°; Nos. 3 and 5, 2i hr. at 910°; 

No. 6. 5 hr. at 850“ , Nos. 7 and 8, 4 hr. at 800°. 


Filing anneals— Nos. 1, 2, 4, and 6. 15 hr. at 450° ; the rest for 15 hr. at 400°. 
Analyses— Made by the Midland Laboratory Guild. Weight percentages totalling 

from 99-87 to 100-00. 


Table 11 

Lattice 

Alloy No. 

Wt. % In 

At. % In 

constant 




at 24° 

1 

2 06 

1 94 

4-0831, 

2 

3-30 

3-11 

4-0866, 

3 

4 21 

3-97 

4-0885, 

4 

5-45 

5-14 

•4-0926, 

5 

6 35 

5-99 

4-0962, 

6 

8-27 

7-81 

•4- 1017, 

la 

8 64 

8 16 

4-1028, 

lb 

8 65 

8 17 

4-1028, 

8 

16-09 

15-27 

•4-1253, 

Lump anneals— Nos. 1 and 3, 2 hr. at 890°; Nos. 2 and 4, 3 hr. at 800-850° ; Nos. 

5, 7a. and 76, 2 hr. at 845' 

No. 6. 6hr. at 800-850°; No. 8, 3 hr. 

at 750° and 6 hr. at 


Filing anneals — 1 S-20 hr. at 400° in all cases. 

Analyses — Made by the Midland Laboratory Guild, the weight percentages 
totalling from 99-98 to 100-00 for Nos. 5, 7o, and 76, and from 99-90 to 99-94 in 
the other cases. 

through the points from which no point difTers by more than 0-0005 A. 
•(which is equivalent to 0*2% on the composition scale). The values of 
the lattice spacings obtained in the present work are lower than those given 
by Weibkef for silver-indium alloys, the difference being about 0-003 A. 
at 5-0 atomic per cent indium. The values given by Weibke are stated 
to involve errors of ±0-001 A., but the difference between the results 
of the two investigations is clearly greater than this. 

t Weibke and Eggers, ‘ Z. anorg. Owm..’ vol. 222, p. 145 (1935). 
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d— Silver-Tin 

The alloys used were supplied by Messrs. Johnson, Matthcy & Co., 
Ltd., in the form of drawn rods prepared from chemically pure silver and 
Chempur tin. The preliminary lump anneals of alloys Nos. 2a, Za, and 
were not quite sufficient, the 400 lines in the photographs from these 
samples being rather indistinct. In the other cases these lines were very 
clearly resolved and the exact correspondence of the results in the two 
series indicates that, for these alloys, the slight fuzziness of lines due to 
insufficient preliminary annealing introduces no appreciable error. The 
results are recorded in Table III and fig. 1, and are in agreement with the 
value 4-108 A. given by Nial, Almin, and Westgrenf for an alloy con- 
taining 7-3 atomic per cent of tin. The lattice distortion in the more 
concentrated alloys is again slightly greater than that required by a linear 
relation, although the difference is very small. 


Table HI 


Alloy No. 

Wt. % Sn 

At. % Sn 

Lattice 

constant 

1 

2-38 

2 17 

at 24° 

4-0860« 

la 

4 53 

4-13 

4-0945, 

2b 

4-53 

4 13 

4-0945, 

3a 

6-82 

6-24 

4-1032, 

lb 

6-84 

6 26 

4-1032, 

4a 

8-92 

8-17 

4-1122, 

4b 

8-95 

8-20 

4 1122, 


Lump anneals— Nos. 1 and 2a, 20 hr. at 650% 40 hr. at 780°, and 1 1 hr. at 860° ; 
Nos. 3e and Aa, 20 hr. at 650° and 4 hr. at 780° ; Nos 2b, and 4b, 5 days at 725°. 
Filing anneals— IS hr. at 520° for all. 

Analyses— Made by Messrs. Johnson, Matthcy & Co., Ltd , the weight percent- 
ages totalling from 99-97 to 99-99. 


e — Silver-Antimony 

Alloys Nos. I and 4 were prepared by Messrs. Johnson, Matthcy St, 
Co., Ltd,, from chemically pure silver and some speaally pure antimony 
(99-917%) kindly presented by the Cookson Lead and Antimony Co., Ltd. 
Alloys Nos. 2, 3, and 6 were prepared from slightly less pure silver and 
contained from 0 -04 to 0-09% copper. The effect of this upon the lattice 
spacing has been allowed for (as shown in fig. 2) by assuming an additive 

t Nial, Almin, and Westgren, ‘ Z. phys, Chem.,' B, vol. 14, p. 81 (1931). 
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relation, using the data of Megawf which show that 0-1 atomic per cent 
of copper reduces the lattice spacing of silver by 0 -OOOB^ A. The validity 
of this method of correction was tested by means of alloy No. S which 
-contained 0-46% by weight of copper, the corrected parameter for this 



}^io. 2— Lattice spacing! of primary solid sdutions of antimony in silver. For the 
alloys containing slight traces of copper the points marked x ate the measured 
lattice spacing!, and those marked O the pomts corrected as described on p. 173 
to allow for the effect of the copper. The validity of this method of correction 
• is shown by the fact that the point for alloy No. 5, which contained as mudi as 
0-46% of copper by wright, agren well with the remainder. Where only the O 
point is shown, it implies that the alloy was completely free from copper. 

alloy lying very closely on the straight line drawn through the remaining 
points. The results are recorded in Table IV and fig. 2, and, as shown in 
fig. 2, a straight line can be drawn from which no point differs by more 
than 0*0003 A., which is equivalent to 0*05 atomic per cent on the 
•composition axis. 

t * Phil. Mag..’ voL 14, p. 130 (1932). 
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Table IV 







Lattice spacing at 24° 

Alloy 

Wt.% 

At.% 

Wt.% 

At.% - 


— 

No. 

Sb 

Sb 

Cu 

Cu 


Corrected 






Measured 

to0%Cu 

1 

1-06 

0-94 

0 

0 

4 0830, 

4 0830, 

2 

1-10 

0 98 

0 09 

0 15 

4-0829, 

4-0834, 

3 

2-15 

1 91 

0 04 

0-07 

4 0886, 

4-0888, 

4 

2 93 

2 60 

0 

0 

4-0934, 

4-0934, 

5 

3 35 

2-98 

0-46 

0-78 

4-0928, 

4-0955, 

6 

4 36 

3 88 

0 05 

0 08 

4 1004, 

4-1007, 

Lump anneals— No. 1, 

16 hr. at 

[ 650“ and 3 

hr at 860° 

; Nos. 2 and 5, 3 days at 


470° and 14 days at 590° ; Nos 3 and 6. 14 days at 550“ . No. 4, 16 hr. at 650° and 5 hr. 
at 750°. 

Filing anneals— 15 hr. at 420" in all cases. 

Analyses — Made by Messrs. Johnson, Matthey & Co., Ltd., the weight percent- 
ages totalling from 99-97 to 100 00, 


f— Copper-Zinc 

These alloys were kindly presented by the British Non-Ferrous Metals 
Research Association, and were prepared from the purest metals. The 
results are recorded in Table V and fig. 3. Jn alloys Nos. 2 and 4 the 
filings contained charcoal or carbonaceous matter, and the sum of the 
percentages of the two metals as determined by analysis was only 99-62 


Alloy No. 
1 

2 

3 


Table V 


Wt. % Zn 


5-20 

9-85 

14-68 

24-63 


At.%Zn 


5 06 
9 60 
14 33 
24-11 


Lattice 
constant 
at 23" 
*3 6178 
•3-6273 
•3-6377 
*3 6600 


Lump anneals— Nos. 1 and 2, 1 hr. at 800° ; No 3. 1 hr. at 850“ ; No. 4, 2 hr. at 800°, 
Filing anneals— 6 hr. at 600° for all. 

Analyses— Made by the Midland Laboratory Guild. 


and 99-68 respectively. The charcoal did not, however, appear to 
affect the ratios of the two metals as determined by the analyses, and 
these two and the remaining points lie accurately on a smooth curve 
which agrera excellently with the results of Owen and Pickupf when 
allowance is made for the difference in the values obtained for the lattice 
constant of copper. 

t ‘ Proc. Roy. Soc.,’ A. vol. 137, p. 397 (1932). 
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g— Copper-Gallium 

These alloys were prepared by melting pure electrolytic copper with 
gallium obtained from the Vereinigte Chemische Fabriken zu Leopolds- 
hall, and were cast into i-in. diameter chill moulds. The purity of the 
gallium varied from 99-85 to 99-95% in different batches. In the early 



Fio. 3 — Lattice spacings of primary solid solutions of zinc, gallium, and germanium . 
in copper. 

stages of the work difficulty was encountered in the analytical separation 
owing to the presence of carbonaceous matter in the iitings.t All 
results in which the sum of the percentages was less than 99 -80 were 

t In some of the eariy work filings were annealed with charcoal as a fiirther pre- 
caution against oxidation, but this was later found to be unnecessary and disadvantage- 
ous. In the later woilc the greatest care was taken to ensure the complete absence 
of carbonaceous matter from filings, the toul metallic content of which was then not 
ess than 99-97%. 
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rqected, and the final data are summarized in Table VI. The points for 
alloys Nos. 4 and 9 lie completely off the smooth curve given by the 
remainder. The difference is of the order 1% by weight, and is so great 
that it is clear that some large accidental error has occurred. It is 
significant that in each case the percentage of gallium by analysis was 

Table VI 
Lattice 

Alloy Wt. % At. % constant Lump Filing 

No. Oa Ga at 23° anneal anneal 

1 2 11 1 93 * 3-6126 12 hr. at 700“ 6 hr. at 600“ 

5 hr. at 800“ 

2 2 71 2-48 ‘S ^ISl 17 hr. at 700“ 12 hr. „ 

6 hr. at 850° 

3 3-41 3 12 3-6161. 1 hr at 990° 15 hr. „ 

4 5-50 5 04 *3 6191. 33 hr. at 700“ 23 hr. „ 

31 hr at 900“ 

5 5-54 5 08 3 6212, li hr. at 975“ 15 hr. „ 

6 6 51 5 97 *3 6238 13 hr at 700“ 5 hr. „ 

5i hr. at 800“ 

7 8 93 8 -21 3 6298. I i hr. at 975° 15 hr. „ 

8 9-55 8-78 *3 6314 23 hr. at 700“ 5 hr. 

4i hr. at 800“ 

9 9-70 8-92 *3 6304 34 hr. at 700“ 5 hr. „ 

4 hr. at 900“ 

10 13-25 12-22 *3-6412, 33 hr. at 700“ 29 hr. „ 

12 hr. at 800“ 

11 13-70 12-64 *3-6426 10 hr. at 700° 5 hr. „ 

9 hr. at 800° 

Analyses— Nos. 3, 5, and 7 were analysed by Messrs. Johnson, Matthey & Co., 
Ltd., the remainder by the Midland Laboratory Guild, Ltd. 

considerably greater than that calculated from the weights of metals 
melted together, which suggests that eidier some mistake occurred in the 
analysis, or that the filings were accidentally mixed with those of higher 
gallium content. These results are therefore omitted from fig. 3. The 
renuuning points lie accurately on a smooth curve from which only one 
point differs by more than 0*0005 A. ; this one point was obtained in the 
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early stages of the work. The lattice distortion in the more concentrated 
alloys is slightly greater than would be expected from a linear relation. 
The results agree with those of Weibkef which were stated to be accurate 


to ±0-001 or ±0 

002 A. 







Table VII 


Alloy 

No. 

Wt.% 

Ge 

At.% 

Ge 

Lattice 
constant 
at 23“ 

Lump 

anneal 

Filing 

anneal 

1 

2-51 

2-20 

3-614U 

36 hr. at 750-800“ 

5 hr. at 600“ 

2 

3-49 

3-07 

•3-6166 

5 hr. at 700“ 

5 hr. at 800“ 

-• 

3 

3 67 

3-23 

•3-6197 

15 hr. at 700“ 

6 hr. at 850“ 


4 

4-01 

3-53 

3-6191i 

36 hr. at 750-800“ 


5 

5-26 

4-64 

•3-6223, 

5 hr. at 700“ 

5 hr. at 800“ 


6 

6-46 

5-70 

3-6258, 

36 hr. at 750-800“ 

„ 

7 

6-97 

6-16 

•3-6284 

6i hr. at 800“ 

„ 

« 

8-60 

7-61 

•3-6329 

15 hr. at 700“ 

6 hr. at 850“ 


9 

9-55 

8-46 

•3-6355 

6 hr. at 800“ 


10 

10-64 

9-44 

•3-6382, 

6 hr. at 800“ 

„ 


Analyses— Performed by the Midland Laboratory Guild, Ltd., the weight percentages 
totalling from 99-86 to 100-05. 


h — Copper-Germanium 

These alloys were prepared in the form of small chill castings by melting 
pure electrolytic copper with specially pure germanium kindly presented 
by Professor Dennis of Cornell University, U.S.A., to whom the authors 
must express their gratitude. The results are recorded in Table VII and 
fig. 3. A smooth curve may be drawn from which no point differs by 
more than 0-0005 A. with the exception of the point for alloy No. 3. 
This point appears to be inaccurate, since a redetermination of the lattice 
constant near this composition by means of alloy No. 4 gave a value 
lying near to the smooth curve. The apparent slight decrease in slope of 


t ‘ Z. anorg. Cbem.,’ vol. 220, p. 293 (1934). 
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the curve at the higher concentrations may be due to the nearness of 
approach to the 2-phase region. 

Discussion 

The curves in figs. 1 and 3 show clearly that a definite valency effect 
exists for the distortions of the lattices of silver and copper by the elements 



Atomic per cent of solute x multiplying factor 
Multiplying factors : Cd, 2; In, 3; Sn, 4; Sb, 6 


Flo. 4 — In this figure the lattice spacings of dilute solid solutions of cadmium, indium, 
tin, and antimony in siiver are piotted against the atomic percentages of the solute 
elements multiplied by the foUowii^ factors: Cd, 2; In, 3; Sn, 4; Sb, 6. Each 
point is represented by a rectangle of hei^t equivalent to 0-0004 A., and width 
equivatent to 0'05 atomic per cent of solute. 

which immediately follow them in the Periodic Table. In each series 
increasing valency of the solute produces an increased lattice distortion 
at equiatomic compositions. 


N a 
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Examination now shows that in the silver series, the atomic percentages 
of cadmium, indium, tin, and antimony in alloys of equal lattice distortion 
vary as ^ ^ i In dilute solid solutions where the lattice spacing- 
composition curves are straight lines this implies that the lattice distortions 
per atom of cadmium, indium, tin, and antimony vary as 2 : i : 4 : 6.t 
This relation indicates that if the lattice spacings of the different alloys 
are plotted against the atomic percentages of the solutes multiplied by the 
above factors, the points he on a single curve, as shown in fig. 4. 
The above method of plotting naturally makes the results for the 
elements of higher valency much more sensitive to errors in com- 
position, since a given error is multiplied by 2 for cadmium, and by 6 for 
antimony. Each point is therefore represented by a rectangle the height 
of which is equivalent to 0- 0004 A., and the width to 01 atomic per 
cent. These limits represent errors of roughly ± 1 part in 20,000 for the 
lattice spacings, and ±0-0S atomic per cent on the composition axis. 
The agreement with the above whole number relation is therefore very 
exact, and in general the deviations from a single curve in fig. 4 corre- 
spond with the deviations from the curves for the individual systems in 
fig. 1. Thus the lowest point in fig. 4 is that for the silver-indium alloy 
No. 3, and this is slightly below the smooth curve for the silver-indium 
series in fig. 1. Similarly the two points which arc slightly high m fig. 4 
are those for the silver-indium alloy No. 5, and the silver-cadmium alloy 
No. 6, and these are again the points which are high in their respective 
systems. 

The accuracy within which a whole number relation can be claimed is 
difficult to estimate, but if the multiplying factor for cadmium is assumed 
to be 2-0, the factor for tin cannot lie outside the limits 3-9 and 4-2 
without producing a definite separation of the points for the silver- 
cadmium and silver-tin series. With indium, if allowance is made for 
the slight deviation of the two points from a smooth curve, the corre- 
sponding factor is within the limits 2 -85 and 3 'IS. The small solid 
solubility of antimony in silver prevents a very critical test, but a factor 
outside the limits S-8 and 6-2 appears improbable. 

For the copper alloys a similar examination shows that the relative 
factors for zinc and gallium are as 3 : 4. This is shown in fig. S where the 
points are plotted with the same convention as in fig. 4, the atomic per- 
centages of zinc being multiplied by 3, and those of gallium by 4. The 
hgreanent with a whole number relation is very exact, and if the factor 

t The previous statement (Hume-Rothery, ‘ Nature,’ vol. 135, p. 1038 (1933) ) that 
the distortions varied as 2: 3: 4: 3 was due to resulu from sUver-antimony alloys 
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for gallium is taken to be 4-0, that for zinc cannot lie outside the limits 
2*93 and 3 -IS. The points for the copper-germanium alloys do not, 
however, agree with a factor of 5-0. The factor which produces the best 
agreement of the copper-germanium r^ults with those of the other series, 
is 4-8, and although this is very near to the value S-O required to give a 
regular increase 3:4:3, the different^ appears to be outside the limits of 
experimental error. 

The above results show, therefore, that the relative lattice distortions 
produced by one atomic per cent of cadmium, indium, tin, and antimony 



Multiplying factors Zn, 3; Ga, 4 

Fio. 5 — ^In this figure the lattice spadngs of dilute primary solid solutions of zinc and 
gallium in copper are plotted against the atomic percentages of the solute elements 
multiplied by the following factors : 2^ 3 ; Oa, 4. Each point is rqwesented by 
a rectangle of height equivalent to 0-0004 A, and width equivalent to O-OS atomic 
per cent of solute. 

in solid solution in silver follow a different law from that existing for the 
corresponding solid solutions of zinc, gallium, and germanium in copper. 
In bo^ series of alloys the lattice distortions at equiatomic compositions 
increase with the valency of the solute, but the effect of change of valency 
is less marked for the copper series, and this difference appears in two 
distinct ways. In the first place the relative increase in passing firom 
solutes of Group II to Group III is less marked in the copper series, where 
the ratio is 3: 4, than in the silvn series, where itis2: 3. In the second 
place the increase on passing to Group IV is no longer regular for the 
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copper alloys where the factors are as 3 : 4 : 4 • 8, in contrast to the regular 
series 2: 3: 4 in the silver alloys. These facts suggest that the effect of 
increasing valency tends to expand the lattice but is opposed by some 
factor which is more effective in the series of elements following copper 
than in those following silver. This opposing factor may be an atomic 
effect due to the gradual closing up of the electron shells with increasing 
atomic number, which may be expected to be more important for the 
copper series, since the relative change in atomic number between each 
successive element is here greater than in the silver seiies. Alternatively 
the effect may be due to the more electronegative nature of germanium 
(compared with that of tin) resulting in a more closely bound structure. 
Possibly both factors may act together, the suggested atomic effect being 
responsible for the difference between the fundamental ratios of 2 : 3 : 4 
and 3:4:5, and the electronegative valency effect causing the change 
from a fundamental ratio of 3 : 4 : 5 to one of 3 : 4 : 4 • 8. 

We must express our thanks to Professor F. Soddy, F.R.S., for his 
kindness in providing laboratory accommodation, and many other 
facilities which have greatly assisted the present work. One of u 
(W. H.-R.) must thank the Council of the Royal Society for election to a 
Warren Research Fellowship, and for generous financial assistance. 
Thanks are also due to the Department of Scientific and Industrial 
Research, the British Non-Ferrous Metals Association, and the Fellows 
of Brasenose College, Oxford, for grants made to us individually, and 
to the Aeronautical Research Committee for defraying the cost of some of 
the apparatus used in this and other research work. We must thank Mr. 
R. G. Johnstone and Miss U. Willis of the Midland Laboratory Guild, 
Ltd., and Mr. A. R. Powell of Messrs. Johnson, Matthey & Co., Ltd., 
for their care and skill in connexion with the analytical work. We must 
also acknowledge our indebtedness to Professor W. L. Bragg, F.R.S., for 
criticizing this paper and submitting it for publication. 

Summary 

‘Accurate measurements have been made of the lattice spacings of the 
primary solid solutions of cadmium, indium, tin, and antimony in silver, 
and of zinc, gallium, and germanium in copper. In each series of alloys 
increasing valency results in increased lattice distortion at equal atomic 
percentages of the solute elements. In dilute solid solutions in silver 
equal atomic percentages of cadmium, indium, tin, and antimony expand 
the lattice of silver by amounts proportional to 2: 3: 4: 6 resoectively: 
this whole number relation holds to an acciuacy equivalent to 1 part in 
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20,000 in the measurements of the lattice spacings, and ±0-05% in the 
compositions of the alloys. In the dilute alloys of the copper series, 
equal atomic percentages of zinc and gallium expand the lattice of copper 
by amounts proportional to the factors 3 : 4. The corresponding factor 
for germanium is, however, 4-S and not 5. The general conclusion is, 
therefore, that, whilst whole number relations exist in both scries, the 
effect of increasing valency is less marked in the copper series. It is 
suggested that in both series increasing valency tends to expand the lattice, 
but that this expansion is opposed by some factor which is relatively more 
important in the copper series. This opposing factor may be due to a 
contraction of the atom with increasing atomic number, since the change 
in atomic number resulting from one step in the Periodic Table is relatively 
less for the elements following silver of atomic number 47 than for those 
following copper of atomic number 29. 


A Determination of the Absolute Velocity of the 
Alpha-Particles from Radium O 
By G. H. Briggs, Ph.D., The University of Sydney 

{Communicated by Lord Rutherford, O.M., F.R.S. — Received 21 May, 
1936) 

1— Introduction 

The first accurate determination of the velocity of expulsion of the 
a-particles from radioactive substances was made by Rutherford and 
Robinson,* who, by measuring magnetic and electric deflexions, found 
for the a-particles from radium C' Hp = 3-983 x 1(P e.m.u. and V = 
1 -922 X 10* cm. /sec., the accuracy being 1 in 400. In 1926 the writerf 
measured Hp for the same group of a-particles and found the value 
3-993 X 10* B.M.U. to 1 in 1000. This result, together with the value of 
the faraday and Aston’s determination of the atomic weight of helium, 
gave V = 1-922 x 10* cm. /sec. Absolute velocity determinations have 
been made for polonium by I. Curie,| and for several groups by 

* ‘ Phil. Mag..’ vol. 28, p. 532 (1914). 
t Briggs, • Proc. Roy. Soc.,’ A, vol. 1 18. p. 549 (1928), 
t * Ann. Physique,’ vol. 3, p. 299 (1923). 
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Rosenblum and Dupouy,* who found for the radium C group 
V = 1 *9218 X l(y cm./scc. with an accuracy greater than 1 in 1000. 

The velocities of over fifty a-particle groups have now been measured 
relative to the main radium C' group ; the^ measurements have been sum- 
marized in a paper by Lewis and Bowden.t The present paper describes 
a new determination of Hp for this group. Using for E/M for the *- 
particle a value calculated from the faraday and the atomic weight of 
helium the velocity and energy have been calculated. The maximum error 
in Hp is estimated to be of the order of 1 in 10*. 

2— The Experimental Arrangement 

The experiments described below were made with the electromagnet 
which was used in the measurement of the relative velocities of the a- 
particles from radon, radium A, and radium C',X and the fields, which were 
of the order of 10,000 gauss, have been measured with a form of magnetic 
balance capable of a high precision which has recently been described 
by Briggs and Harper.f Except for the poles, the faces of which measured 
33 cm. by 13 cm., the magnet was immersed in a tank of oil which was 
cooled by circulating water and stirred by bubbling air through it; the 
poles also were water cooled. Before an experiment the magnet was 
brought to a steady temperature and during an experiment the magnet 
current, observed by a potentiometer system, was kept constant to about 
1 in 50,000. 

The radius of curvature p of the path of the particle is given by the well- 
known equation : 

p + + + </•). (1) 

where 2d is the double deflexion obtained on the photographic plate by 
reversing the frame carrying the source, slits, and plate, and lx and /, 
are the distances from source to slit and from slit to plate respectively. 

The frame which carries the photographic plate, the slits, and the source 
of a-particles is shown in fig. 1 . It consists of a rigid brass casting designed 
so that the distances /i and I, could be measured by precision methods. 
These two distances were each about 12*5 cm. Slots indicated by dotted 
lines permit the passage of the a-particles. These slots are 3 mm. wide 
at A and D and 6 mm. wide at the source. The photographic plate A 
• ‘ J. Phyi. Rad.,’ vol. 4, p. 262 (1933). 
t ‘ Proc. Roy. Soc.,' A vol. 143, p. 233 (1934). 

} Brigfi, ‘ Proc. Roy. Soc.,’ A, vol. 143, p. 604 (1934). 

9 * J. Sd. Intt,’ vol. 13, p. 119 (1936). 
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is pressed firmly against four flat i^ojections B, each 2 cm. by 0-4 cm. 
The plane of these four projections, the end surface C and the surface D 
of the cross bar were lapped accurately flat and parallel to one another; 
the surfaces of the detachable brass block G were treated si milar ly. 

The source of a>particles was a flattened platinum wire activated by 
exposure to about 100 millicuries of radon at atmospheric pressure con- 
tained in a glass capillary tube sealed with mercury. This exposure 
usually lasted for about 30 minutes; the wire was then heated in vacuum 
for about 1 minute and mounted behind a slit as shown in fig. 2. The jaws 



of this slit consisted of two pieces of hard gold alloy, the lower surfaces 
of which were lapped optically flat so that the plane of the slit coincided 
with the surface C ; /j is therefore the distance between the surfaces C and 
O and can be measured accurately. The slit on the block G was con- 
structed similarly, so that, except for a correction due to the finite thick- 
ness of the emulsion of the photographic plate, the distance is the 
distance between the planes F and G. A flat source reduces to a mini- 
mum the retardation of the a-particles due to recoil of active deposit 
into the source wire during actiwition. To avoid errors due to non- 
uniform distribution of activity over the surface the same wire served for 
the two exposures necessary to obtain the double deflexion Id. 
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The relative positions of the poles, the field measuring coil, and the 
path of the a-particles are indicated in fig. 3. The first series of experi* 
ments was made with a brass vacuum box of very rigid construction 
having sides of half-inch mild steel and an air gap of 1 -2 cm. With this 
‘ arrangement fields of 11,000 gauss were readily obtained. On evacua- 
tion of the box, however, there was a change in field of about 7 gauss which 
varied over the poles and which was probably chiefly due to the change in 
susceptibility of the sides of the box under strain. The eflFect was so 
difiicult to measure that it was necessary to replace this box with one 
entirely of brass. The maximum field which could be conveniently 
obtained with the consequently larger gap was 9400 gauss. The double 
deflexions obtain^ by reversing the frame carry- 
ing the source, slits, and plate holder were about 
10 cm. with the former box and 8 cm. with the 
brass box. 


3— Measurement of Magnetic Field 

The best-known form of instrument by which 
strong magnetic fields are measured by determin- 
ing the pull on a current carrying conductor in 
the field is the Cotton magnetic balance. Scott* 
has described a modification of this which is some- 
what similar to that developed for the present 
experiments. The magnetic balance used here 
consists essentially of an ordinary good quality 
physical balance with a 10-inch beam, from one 
side of which a flat rectangular coil is suspended. This coil consists of 
10 turns of No. 18 bare copper wire about 85 cm. long and mean width 
about 15-7 cm. and is mounted on a rectangular sheet of glass. The 
balance is set up on a movable platform so that the lower end of the coil 
can be lowered into the gap between the poles when a field measurement 
is to be made, as indicate in fig. 3. The current ii, which produces 
equilibrium of the balance when the direction of this current is such that 
the force on the coil is downward, is first observed. Then an appropriate 
mass M, which in these experiments was about 300 gm., is add^ to the 
coil, the equilibrium again established by adjusting the current to a new 
value /|. The field is given by the equation 

• ‘ Phyfc Rev.,’ vol. 46, p. 633 (1934). 



Fio. 2 — Section normal 
to the length of the 
activated platinum 
wire, and the slit ; 30 
times actual size. 


( 2 ) 
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where L is the effective mean width of the rectangular coil, H is the mean 
value of the field over the trapezium-shaped area occupied by the n hori- 
zontal wires forming the base of the coU, and H' is a quantity approxi- 
mately equal to the stray field at the top of the coil. The sensitivity of 
the arrangement is such that the setting of the current for balance can 
be made to about 2 in 10*. Full details of this apparatus have been 
published elsewhere.* 

The currents and I'l were measured in terms of a standard resistance, 
and one of a group of six acid cadmium cells. The resistance was kept 



under observation at the National Physical Laboratory for six months 
during 1932 and was recently remeasured there. From these results 
the curve of its secular change was well established and no error on that 
account should be present. 

The six cadmium cells were measured to 1 in 10® by the National Physical 
Laboratory in terms of the international volt as maintained at that labora- 
tory. They were set up in an oil bath in the basement, where temperature 
changes are small, and the standard resistances were kept in an air- 
stirred oil bath. After the experiments were completed, three of the 
cadmiim cells were remeasured by the National I^ysical Laboratory, 

* Briggs and Harper, loc. c/r. 
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and were found to be identical in b.m.f. and in agreement with the original 
mean of the six. It was arranged that the currents ii and /| were each 
very approximately 1 -018 amperes, so that errors in the Wolif potentio* 
meter with which the observations were made were eliminate. It is 
considered that for both the E.M.F. and the resistance measurements the 
systematic errors were not greater than 2 in 10^. 

The value of gravity at Sydney is established as a result of measure- 
ments by five competent observers. These observations have been dis- 
cussed by Love,* who considers that the value of g at Sydney in the 
Potsdam system is 979-680 with a probable error of 0-002. Corrected 
for height this gives 979-683 at the Physical Laboratory. Including the 
possibility of error in the Potsdam value, it is unlikely that the maximum 
error in g is greater than 2 in 10*^. 

In determining the value of the magnetic field, corrections are required 
for the stray field at the top of the coil, for the effect of the inhomogeneity 
of the field over the area occupied by the horizontal wires at the bottom of 
the coil and for the inhomogeneity along the track of the a-particles. 
The inhomogeneity of the field was determined several times during the 
series of experiments by the usual method of exploration with a small 
search coil. The maximum variation along the track of the oc-particle 
was 2-5 gauss. The corrections applied were:— 

+ 18 -73 ±0-06 gauss for stray field 

— 0-39 ±0-04 „ inhomogeneity over base of coil 

— 0-07 ±0-01 „ „ along track of a-particle 


± 18-27 ±0-11 gauss 

Uncertainty in the height of the measuring coil may introduce errors due 
to the vertical variation of the stray field at the top of the coil and of the 
field between the poles. These two efiects amount to 0-S in 10^ and 
0 -65 in 10® for a change of 1 mm. in the height of the coil. They are of 
opposite sign and are therefore practically eliminated. The setting of 
the coil parallel to the poles involves an uncertainty of 0*5 in 10®. 

The field was measured immediately before the first exposure, again 
when the vacuiim box was opened to reverse the plate carrier for the 
second exposure, and finally at the end of the second exposure. The 
exposures were generally about 30 to 45 minutes long, and dthough in a 
complete experiment H might change by amounts up to 1 in 7000 the 


• ‘ Proc. Roy. Soc. Victoria,’ vol. 35, p. 90 (1922). 
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three measuren[ients of the field made it possible practically to eliminate 
uncertainties in H due to this. 

4— The Measurements of Length 

The microphotometer previously used to measure the separation of 
lines on photographic plates has been reconstructed and fitted with a 
new screw with a travel of 20 cm. which was prepared, according to the 
method used by Grayson* for the screw of his ruling engine, by lapping 
with a semi-split nut 20 cm. long. The screw has a diameter of 2* 5 cm. 
and a pitch of 1 mm. Variations in pitch along the screw are too small 
to be of any significance. 

This apparatus hasibeen adapted so that it can also be used as a measuring 
machine with travelling microscope and all the length measurements, Le., 
li, /„ L, and 2d, have been made in terms of the pitch of this screw. Under 
these conditions it can be shown from equations (1) and (2) that a know- 
ledge of the absolute pitch of the screw is unnecessary. The measure- 
ment of the velocity of a group of ^-particles has been treated similarly 
by Scottf The lengths li and It of the brass frame which carries the photo- 
graphic plate and slits could have been determined by precision end 
measurements, but to conform with the condition indicat^ above and 
measure them in terms of the microphotometer screw it was necessary 
to have recourse to line measurements. This was done with a specially 
prepared plane to take the place of the photographic plate and two small 
blocks each carefully lapped flat on one face and inscribed on another 
face with a group of reference lines. By a simple process of interchange 
of the blocks, the required distances are each given as the mean of two, or, 
if the brass frame is reversed, of four measurements. These measure- 
ments gave /i = 12'72668 cm. and /, = 12-65458 cm. at 16-7° C., the 
maximum error being 0-00010 cm. This contributes a systematic 
maximum error of 1-3 in 10^ in p. These measurements agreed to 
0-0001 cm. with precision end measurements of k and /, made by the 
metrology section of the Commonwealth Munitions Supply Laboratory 
when corrected for the small error in the absolute pitch of the screw of 
the measuring machine. 

The effective mean width L of the field measuring coil was found to be 
15-74435 cm. at 16-7'* C. with a maximum error of 0-00010 cm. 

The lines on the photographic plates were not so satisfactory as in 
the measuronents of the relative velocities of the a-particles from radon 
and its products owing to the difficulty of obtaining sources strong enough 
• ‘ Proc. Roy. Soc. Victona,’ vol. 30, p. 44 (1917). 
t Loe. cit. 
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to give strong lines with the narrow slits used. It was found that if the 
source wire was exposed to the radon for longer than three-quarters of an 
hour it was likely to become coated with mercury beads and somewhat 
tarnished, while exposures of half an hour gave perfectly clean wires. 
The lines were 3 mm. long and the s^wation 2d, which was about 8 cm., 
was measured in three places. It was concluded that the maximum error 
in 2dwas about 0 0003 cm., so that a considerable part of the spread of 
the individual determination of Hp can be attributed to errors in this 
measurement. 

The finite thickness of the emulsion of the photographic plates necessi- 
tates a small correction to the length 1%, The development was carried 
out at 12° C. in dilute developer for about 45 minutes and therefore should 
be uniform throughout the thickness of the emulsion. Microscope 
sections of some of the lines showed that the photographic density in a 
line was constant throughout the thickness of the emulsion so that the 
correction to /| is half the thickness of the emulsion. This thickness, 
which was about 0-002 cm., was measured to about 5% close to the lines 
on each plate. This correction produces an uncertainty of 0-6 in 10* in 
the final result for Hp. 

One of the largest corrections arises from temperature expansion of the 
plate holder, the photographic plate and the glass support of the field 
measuring coil. The cooling system kept the temperature of the vacuum 
box fairly constant, but its average temperature was often 7 or 8 degrees 
above the temperature at which the dimensions of the plate carrier and 
coil were measured. The correction was evaluated for each experiment 
and amounted to about 1 in 10* in Hp, but may involve a systematic 
error of one-tenth of that amount. 

5— The Results 

Besides the corrections to the field and length measurements already 
discussed, there is a general correction for the effect of recoil of the radium 
C into the source wire during activation. Taking the mean range of 
recoil of radium B from radium A to be 4-0 x 10“* mm. in platinum,* 
there would be a reduction in velocity of 3-9 in 10* if the radium C' were 
uniformly distributed throughout this depth. However, some of the 
active material will reach the wire as radium B, which will give rise to 
radium C' on the surface. From such considerations it was estimated 
that the correction to the velocity is 2-6 in 10* with a maximum uncer- 
tainty of 1 in 10*. There is also a correction for oUiquity due to the 
• Briggs, ‘ Proc. Roy. Soc.,’ A, vol. 139, p. 646 (1933). 
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finite length of tfie source which amounts to 2 -4 in 10®. These corrections 
have been applied to the results which are given in Table I. 

To the aWe probable error of 1 *9 in 10®, which may be taken as a 
measure of the accidental error of the experiments, must be added the 
effect of the systematic errors already described. These were expressed 
as maximum errors, and, assuming that a maximum error is three times 
the corresponding probable error, they contribute a further probable 
error of 1 -5 in 10® giving a total probable ertor of 2 '5 in 10®. 



Table I 


Experiment 

Hp 

Weight 

1 

3 992207 X 10* E.M.O. 

2 

2 

1848 

2 

3 

2304 

3 

4 

2508 

4 

5 

2421 

4 

6 

2898 

4 

7 

2560 

2 

8 

2051 

3 

9 

2180 

4 

10 

2343 

4 

11 

2098 

4 

12 

1532 

4 

13 

1668 

3 


Weitfrtcd mean, 3-992214 X 10» e.m.u. Probable error, 0 000076 X 10* e.m.u. 

To deduce the velocity and the energy we require E/M for the a-particle. 
This involves the faraday which is accurately known in international 
electrical units. The final results for Hp and for the energy will be given 
in absolute electrical units in which, as will be seen below, they can be more 
accurately expressed than in international units. The magnetic fields 
involved in the results for Hp of Table I were calculated from the equation 
of the magnetic balance, i.e., equation (2), the current being measured in 
international amperes. However, since the product of H and i appears 
in this equation the H so calculated is not in international (nor in absolute) 
gauss, but if Hp is the value in absolute e.m.u. then 



where 9 is the ratio of the international ampere to the absolute ampere. 
The velocity V and the energy T, the latter expressed in absolute 
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electron volts, are given by the following equations in which the directly 
measured of Table I is retained and E/M is in international b.m.u. 




(gpyEd-p)! 

■ 10 * 





F- 


•) 


It is of interest to note that the expression for the velocity involves no 
ratios of the international to the absolute electrical units and that for the 
energy involves g to only the first power. Had the fields been measured 
with a search coil g would have appeared in the expression for V and g* 
in that for T, 

The value of the faraday is here taken to be 96498 international coulombs, 
p.e. 3 in 10^. This is deduced from the definition of the international 
ampere and the atomic weight of silver, allowing 4 in 10* for inclusions 
in the silver deposits. Recent determinations of the atomic weight of 
iodine reduce considerably the discrepancy in the important researches 
of Vinal and Bates* on the silver and iodine voltameters; hence the 
possibility of unknown systematic errors in silver voltameter measure- 
ments suggested by Birget is now much reduced. 

The mass of the helium atom is now known very precisely both from 
nuclear disintegration experiments, { and also from Aston’sf more direct 
determination with the mass-spectrograph. Taking his value He = 
4-00391, on the = 16 scale, and using a revised conversion factor,|| 
namely 1 000271 instead of the old value 1 -00022, for the ratio of the 
physical to the chemical atomic weight scales we obtain M = 4-00173 for 
the mass of the helium nucleus in the latter scale. The probable error 
in M is taken to be 2 in 10*. 


* • Bull. U.S. Bur. Stand.,’ No. 10, p. 423 (1914). 

* t ‘ Rev. Mod. Phys.’ vol. 1, p. 1 (1929). 

} Bethe. * Kiya. Rev.,* vol. 47, p. 633 (143-5) ; Oliphant, Kempton, and Rutherford, 
‘ Proc. Roy. Soc.,’ A, vol. 150, p. 241 (1935); Cockcroft and Le\^ ‘ Proc. Roy. Soc.,’ 
A, vol. 154, p. 278 (1936). 

S ‘ Nature,’ vol. 137, p. 357 (1936). 

II This is deduced from 0 ^: 0|, — 508 10: 1 which is the mean of the results of 

Smytbe (‘ Phys. Rev.,’ vol. 43, p. 299 (1934)), and Manian, Urey, and Bleakney C J. 
Amer. Chem. Soc.,’ vol. 56, p. 2601 (1935)), and On: Oj, =- 5: 1 found by Mecke 
and Childs (‘ Z. Phykik,’ vol. 68, p. 362 (1931) ). 
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There is at present a discrepancy* of 8 or 9 in 10* between recent 
determinations of q by the standardizing laboratories. I am indebted 
to members of the National Bureau of Standards and of the National 
Physical Laboratory for discussion of this matter. For the present 
calculation 1 N.P.L. international ampere is taken to be 0*99986 absolute 
ampere, and, in view of the existing discrepancy, the probable error has 
been taken as 3 in 10*. 

With the above data the following values for the main group of a- 
particles from radium C' are obtained : — 

p.e. parts 
in 10* 

Hp 3*99277 X 10* abs.E.M.u. ... 4 

Velocity 1*92148 x 10®cm./sec 4*5 

Energy of a-particle 7*6802 abs. c-volt 7 

Disintegration energy 7 *8268 abs. e-volt 7 

In these results the experimental errors of the present measurements 
contribute probable errors of 2 *5 in 10* in Hp, 2 • 5 in 10* in V, and 5 *0 in 
10® in T, and the probable errors given above include the prrors assumed 


Radon 

Radium A 

Radium C 

Thorium X 

Thoron 

Thorhun A 

Thonura C (mean) 
Thorium C 


Table II 

Velocity Energy of “ Duin- 

in p.e. parts a-particle’ tegration ” p.e. parts 
cm./sec. in 10* in e-volts energy in in 10* 

X 10* X 10-* e-voltt X 10-* 


1*62467 5 

1*69865 5 

1*92148 4*5 

1*65327 7 

1*73825 7 

1*80484 7 

1*70649 7 

2*05352 5 5 


5*4860 5*5868 0*8 

5 9981 6 1104 0*8 

7*6802 7*8268 0*7 

5*6813 5*7845 1*2 

6*2818 6*3981 1*2 

6*7744 6*9025 1*2 

6 0537 6*1704 1*2 

87759 8*9451 1*0 


in the values of M, q, and the faraday, calculated as the root of the sum of 
the squares. Table II summarizes data for certain main groups whose 
velocities relative to the radium C' group have been measured by the 
author. 

I wish to express my thanks to the members of the medianical engineer- 
ing dqiartment of the Sydney Technical College for their assistance in 

• ‘R^ National Physical Uboratory,’ 193Z Curtis and Curtis, ‘ Bur. Stand. J. 
Rm.,’ vd. 12, p. 665 (193^; “ Fourth Report (1935) of the Electrical Committee to 
the Internet. Committee of Wei^tt and Measures." 
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pieparing the screw for the measuring machine. I am also indebted to 
the Department of Cancer Research of the University of Sydney for the 
supplies of radon and to the Commonwealth Oxygen Company for liquid 
air. 

Summary 

Precision measurements of Hp for the a-particles from radium C' are 
described in which the probable experimental error is estimated to be 
2-5 in 10®; uncertainty in the ratio of the international to the absolute 
anqiere increases the probable error to 4 in 10®. From this result and 
the value of the faraday and the atomic weight of the helium nucleus the 
velocity and energy are calculated. 


Relations Between Optical Rotatory Power and 
Constitution in the Steroids 

By R. K. Callow and F. G. Young* 

(From the National Institute for Medical Research, London, and the Department of 
Physiology, Pharmacology, and Biochemistry, Univeisity College, London) 

{Communicated by O. Rosenheim, F.R.S.— Received 21 May, 1936) 

I— Vaudity of Rules of Isorotation for Certain Carbon 
Atoms 

The group of biologically important conq>ounds containing the reduced 
c^c/opentenophenanthrene ring system (the ** steroids ”t) provides a field 
for the exploration of relations between optical rotatory power and con- 
stitution which has hitherto received little attention. In the present 
paper a preliminary survey has been made of the scattered data in the 
iiterature with the object of finding in the first place whether constant 
partial rotations can be assigned to certain carbon atoms and groups. 
Even with compounds of established constitution the results are not by 
any means so concordant as those obtained by Hudson| with many of the 

* Beit Meimmal Fellow. 

t The term “ iteroidf ” is proposed as generic name for the group of compounds 
oompridng the stools, bile adds, heart poisons, saponins, and sex hormones. 

t Hudson, ‘ Sd. Pap. UJS. Bur. Stand.,’ No. 333 (1926), and subsequent papers in 
‘ J. Amer. Chem. Soc.’ 
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series of carbohydrates, but there is indubitable evidence of regularity, 
in spite of the fact that many of the determinations recorded are of a low 
order of accuracy, have been made with impure specimens of materials 
notoriously difficult to purify, or are discordant among themselves. For 
numerous substances determinations of optical activity under conditions 
which allow comparison with related compounds are lacking, and it is to 
be hoped that such evidence of regularity as is brought forward in this 
communication will lead to the filling of some of these gaps. 

The steroid skeleton, with an indication of the system of numeration 
adopted, is shown in fig. 1 . A number of pairs of compounds arc known 

c:^c”c*-c- 
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in which there are opposite configurations of carbon atoms 3, 4, 5, and 17, 
and we have investigated whether it is possible to apply to these a rule 
analogous to Hudson’s “first rule of isorotation”, f.e., whether the 
partial rotations of carbon atoms 3, 4, 5, and 17, as measured by the effect 
of reversing the configuration, are affected by changes in the structure of 
the remainder of the molecule. In Tables I-IV are summarized the 
data collected, with three exceptions, from the literature for the specific 
rotations of these diastereoisomeric j^irs of compounds, determined for 
the D line and, as far as possible, the same solvents. Where more than 
one determination exists, the values of [a]n are, in general, the means of 
the recorded figures for presumably pure compounds, and no attempt has 
been made to select them critically. The last two columns show the 
differences of [aJo and the differences of [M]o ([M]n being defined as 
I«1d X (mol. wt.)/100) ; A[M]i, corresponding to twice the partial rotation 
of the carbon atom concerned. 

It is generally accepted that the configmation of the 3-hydroxyl group 
in sterols is indicated by their behaviour with digitonin, the compounds 
in which the 3-hydroxyl group is cis to the 10-methyl group forming 
s paring ly soluble digitnnides. The figures in Table I show that in fifteen 
cases out of eighteen an increase in dextrorotatory power is entailed by 
inversion of the 3-hydroxyl group from the cis to the trans position relative 
to the 10-methyl group. (It should be noted that in the table the usual 
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method of nomenclature, referring to the S-hydrogen atom, is employed.) 
In thirteen of these cases, excluding the A*>cholestenols and ^-dihydro- 
fucosterols, the contribution of carbon atom 3 to the molecular rotation 
varies between the fairly narrow limits of ±0*4° and ±32°, with a mean 
value of ± 1 1 • 5°. This may be compared with the figure of ±80° for C-1 
in glucose. In the three cases in which a decrease in dextrorotation is 
observed, the differences are very small, and these are cases where doubts 
may legitimately be raised as to the purity of one or other of the pair of 
compounds. In the case of the A'*cholestenols (“ o/ZochoIesterol ” and 
“ ep/-a//ocholesterol ”), where there is a comparatively very large increase 
in dextrorotation, a difference of solvent must be taken into account, but 
there is also some doubt as to the homogeneity and true constants of 
trans- A*-cholestenol.* On the other hand, the ethylenic linkage adjacent 
to two asymmetric carbon atoms, C-3 and C-IO, may have an effect on the 
rotatory powers. The anomaly of the two p-dihydrofucosterols is 
almost as striking. It may be pointed out that although one compound 
is assumed to be the epimeride of the other, no statement of the behaviour 
of either with digitonin is made by Coffey et al.'\ 

It is of particular interest that thi^ of the four pairs of compounds 
derived from irradiated ergosterol show an increase in dextrorotation 
in passing from the isomeride precipitable by digitonin (called the "epi"- 
form in these cases only) to the other. Both lines of evidence are, there- 
fore, concordant in indicating that an inversion of the hydroxyl group 
occurs in the first stage of the irradiation of ergosterol. 

The two cases available for consideration of the 4-hydroxyI group 
(Table II) hardly provide evidence for or against the existence of a rule, 
since the configuration of cholestan-4-^1 is undetermined, and the figure 
for the 3 :4-diol may be affected by the c/i-configuration of the hydroxyl 
groups relative to each other in compound A. 

The effect of inversion of the 5-hydrogen (Table III) is small, but 
irregular, being a decrease of dextrorotation in three cases of change from 
irons to cis (relative to the 10-methyl group) and an increase in the other 
three cases. 

The two examples available of inversion of the 17-aoetyl group (Table 
rV) show changes of rotation which are in the same direction, although of 
somewhat different magnitude. 

• Gottberg, * DiNcrt.,' OdtUngen (1932). 
t ‘ J. Chem. Soc.,’ p. 1207 (1935). 
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II— Induced Dissymmetry in Unsaturated Compounds 

With the principal object of evaluating the effect of ethylenic linkages 
on optical activity, the application of the principle of optical super- 
position has been extended to the unsaturated steroids with results which 
are more striking than those obtained with the inversion of intrinsically 
active, “ fixed ” centres of asymmetry. The presence of unsaturated 
linkages is generally associated with the development of high optical 
activity, particularly when they are close to an asymmetric carbon atom, 
and the steroids afford some notable examples of this effect. Lowry and 
his co-workers* have called this effect “ induced dissymmetry ”, putting 
forward the theory that the unsaturated group in an asymmetric molecule 
itself acquires asymmetry and itself becomes optically active. 

By comparison of unsaturated compounds with the corresponding 
saturated compounds, one can obtain a value for the partial rotation of 
the centre of induced dissymmetry, and consideration of a number of such 
pairs of compounds will indicate to what extent this partial rotation is 
affected by changes in the rest of the molecule. The possibilities are 
then opened of comparing the inductive power of a particular asymmetric 
atom on different, adjacent parts of the molecule, or of comparing the 
inductive power of different atoms on a particular unsaturated linkage. 

The unsaturated compounds which have been considered are those with 
ethylenic linkages in positions 1:2, 4: S, 5:6, 7:8, 8: 14, 14: 15, and 
22: 23, which have been compared with the corresponding compounds in 
which these linkages are saturated (Tables V-X), and those with a 17- 
keto-group, which have been compared with the corresponding secondary 
alcohols ^able XI) on the assumption that the configuration of the 17- 
hydroxyl group is the same in all cases. 

There are only two pairs of compounds available for evaluation of the 
rotatory power of the 1 : 2-ethylenic linkage induced by C-10 (Table V) 
In each case, the effect is a large decrease in dextrorotation, although the 
values of A [M] do not correspond very closely, possibly owing to a 
difference of solvent in one case. 

The effect of a 4: 5-ethylenic linkage under the influence of C-10 
(Table VI) is to cause generally a marked increase in dextrorotation. One 
of the exceptions to this is the decrease from cholestanol to A^holestenol.f 

« Lowry and Walker, ‘Nature,’ vol. 113, p. S6S (1924); Lowry, UM.. vol. 131, 
p. 563 (1933); Lowry and Cutter, ‘ J. Chem. Soc.,’ vol. 127, p. 604 (192^; Lowry, 
“ Optical Rotatory Power,” Longmans, Green & Co., 1935. 

t [Foottiote added in proof, 17 My, 1936. — ^., however, Evans, E. A., Jr., * J. Biol. 
Chem.,’ vol. 114, ‘ Sd. Proc.,’ vol. 30, p. xxxiii (1936), who gives (■] — + 43*6'’ for 
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Table Vm— I nfluence of Ethylenic Linkage at 7 :8 
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The unfortunate uncertainty about the true physical constants of A*- 
cholestenol renders entirely speculative any suggestion of a combined 
effect of C-3 and C-10 in cis- and/ra/K>A*-cholcstenol. The mean value 
of A [M] for the five other pairs of compounds is +190®. 

The effect of a S : 6-ethyIenic linkage, also under the influence of C-10 
(Table VII), is to cause a marked decrease in dextrorotation, opposite and 
nearly equal numerically to the effect of the 4 : S-ethylenic linkage. 
Omitting 22 : 23-dihydroergosterol, the mean value of A [M] for eleven 
pairs of compounds is —230°. There is no evidence of the actual elec- 
tronic configuration, but it seems possible that 4 : 5- and 5 : 6- unsaturated 
compounds are diastereoisomeric as regards the configuration of the 
atoms adjacent to carbon atom 5. It is particularly remarkable that 
differences of this order should occur in the unsaturated compounds when 
the configuration of C-5 has so little effect on rotatory power in the 
saturated compounds (Table III). The high value of the difference 
Y-ergostenol — 22 : 23-dihydroergosterol, A[M] = — 436°, may be an 
effect of mutual reinforcement of the 5 ; 6- and 7 : 8-ethylenic linkages. 

The influence of the 7 : 8-ethylenic linkage, as shown in Table VIII, is 
irregular. The value of A[MJ for ergostanol— y-ergostenol is —62°. 
When a 5 : 6-ethylenic linkage is present the value of A[M] is from —267° 
to —476°, possibly as a result of enhancement by conjugation, but in the 
oestratriene derivatives it is of opposite sign, +387°, an anomaly for 
which there is no obvious explanation if the constitution assigned to 
equilin is correct (unless the absence of asymmetry at C-10 is responsible). 
On the other hand, the rotation of the isomeric hippulin, [aj^ + 128°, is 
not inconsistent with its being the A 7 : 8-derivative. 

The figures showing the effects of the 8: 14- and 14: IS-ethylenic 
linkages have been grouped together in Table IX because of the existence 
of a number of pairs of compounds, particularly ergosterol derivatives, 
to which these constitutions have been assigned. These are character- 
ized chemically by the resistance to catalytic hydrogenation of the assumed 
8: 14-unsaturated compound, which may, however, be isomerized by 
acid to the reducible 14 : IS-unsaturated compound. The typical behaviour 
is a small decrease in dextrorotation in the 8 : 14-unsaturated compounds, 
and a small increase in the 14: 1 S-unsaturated compounds, but a-ergo- 
stenone shows a small, and npocholanic acid a larger, increase in dextro- 
rotation. The grounds for the inclusion of spinastanol and zymostanol 
derivatives in this group are speculative, but, with the exception of a- 
dihydrozymosterol, the figures are concordant with the rest. The iso- 
meric anhydrodigitoxigenins and anhydrodigoxigenins, to which, it 
should be noted, the respective positions of the ethylenic linkage have not 
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yet been assigned,* show a considerable difference in rotation, and there 
is a di 8 crepan (7 between chemical and physical evidence here, which 
further work on ergosterol or the heart poisons may clear up. 

The data for the influence of an ethylenic linkage at 22 : 23 (Table X) 
are drawn from ergosterol derivatives. The simpler compounds give 
moderately concordant values of A[M3, but the remaining values are 
much lower, though of the same sign. 

The figures in Table XI show a high degree of uniformity in the decrease 
of dextrorotatory power when the 17-keto-group, which is under the 
inductive influence of C-13, is reduced to the carbinol. The one dis- 
cordant figure may be attributed to a difference in solvent. 

In assuming that simple relations should exist between the optical 
activities of different substances for an arbitrary wave-length and in an 
arbitrary solvent, no account is taken of the occurrence of anomalous 
rotatory dispersion or of solvent effects, which await detailed examination 
in this group, and some of the discrepancies may be due to these causes. 
It is known that the nature of the solvent has a great influence on the 
rotation, and that the influence is sometimes in different directions in 
different substances in this group. In a number of compounds selective 
absorption in the near ultra-violet region may be expected to affect 
rotatory power, whilst in other cases unrecognized constitutional influences 
may be operative.t However, it seems that a useful basis of criticism of 
constitutional formulae proposed on chemical grounds may be provided 
in the steroid group by the obedience to, or divergence from, simple 
empirical rules derived from van’t Hoff’s principle of optical super- 
position. If relations in the steroid group should, in fact, prove to be too 
complicated for optical activity to serve as a guide and stimulus to further 
investigation in the same way that Hudson’s classical work has acted in 
the carbohydrate group, further exact study of optical rotations and 
investigation of the cause of deviations from simple rules may be expected 
to lead to a closer knowledge of the structural and physico-chemical 
factors involved. 

• Smith, S., ‘ J. Chem. Soc.,’ p. 1050 (1935); p. 354 (1936). 

t For a discussion of these factors in the carbohydrate group see Lowry (loc. cll.) 
and the series of papers by Hirst and co-workers, ‘ J. Chem. Soc.,’ 1932-35, also 
Hirst, ‘ Rep. Bnt. Ass. Adv. Sd.,’ p. 358 (1935). 
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The Atomic Rearrangement Process in the Copper-Gold 
Alloy CugAu 

By C. Sykes, Ph.D., F.InstP., and F. W. Jones, B.Sc. 

(Communicated by W. L. Bragg, F.R.S. — Received 25 May, 1936) 
[Plate 3) 

1— Introduction 

When certain single-phase alloys are cooled from high temperatures 
they undergo transformations consisting of a change from a random dis- 
tribution of atoms amongst the atomic sites to an ordered one. The 
thermodynamics of such transformations have been considered by Bragg 
and Wil1iams*t and also by Bethet and Peierls;§ the former assume that 
the energy involved in any atomic interchange is directly proportional to 
the statistical degree of order (superlattice order) throughout the whole 
alloy crystal, whilst the latter consider that it depends only on the relative 
number of like and unlike atoms immediately surrounding the atoms 
concerned in the interchange (order of nearest neighbours). || Both 
assumptions enable relations to be derived for the change in degree of 
order (as separately defined) with temperature under equilibrium con- 
ditions. These relations are then used to calculate the change in energy 
content produced as a result of the atomic rearrangement. 

According to the theory of Bragg and Williams, the superlattice order 
disappears entirely on heating the alloy through the critical temperature 
and the energy content is affected only by the ordering process below the 
critical temperature. The theory of Bethe predicts that, although super- 
lattice order disappears at the critical temperature, a high degree of local 
order persists, which vanishes only at very high temperatures; an abnorm- 
ally high specific heat is to be expected, therefore, even above the critical 
temperature. In the case of ^ brass (CuZn) both theories give practically 
the same result for the total change in internal energy below the critical 
temperature, which is in reasonable agreement with experimental measure- 

• Bragg and Williams, ‘ Proc. Roy. S<k.,’ A, vol. 145, p. 699 (1934). 

t • Proc. Roy. Soc.,’ A, vol. 151, p. 540 (1935). 

t Bethe, ‘Proc. Roy. Soc.,* A, vol. 150, p. 552 (1935). 

§ Peierls, ‘ Proc. Roy. Soc.,’ A (1936) (In print). 

II Bethe originally proposed the theory for CuZn; Peierls extended it for die case 
of CUfAu. 
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mcnt.* Neither theory gives the correct rate of release of energy in the 
neighbourhood of the critical temperature, and it would appear that the 
final disappearance of superlattice order is more sudden than theory 
indicates. The specific heat is abnormally high above the critical tempera- 
ture owing presumably to the presence of local order. 

P brass may be considered as typical of binary alloys of equiatomic 
composition XY : both theories suggest considerable modifications in the 
form of the transformation for an alloy having the composition X,Y and 
in particular the appearance of latent heat is predicted at the critical 
temperature as distinct from an increase of specific heat of about 70% for 
alloys of the type XY. The present paper describes the results of an 
investigation of the thermal effects of the transformation in CugAu which 
enable the theoretical predictions to be compared with experiment for 
the alloy type XjY. 

In a recent investigation into the effects of the ordering process on the 
electrical resistivity and X-ray crystal structure of Cu,Au,t it was demon- 
strated that the mechanism of the process was complicated by the forma- 
tion of antiphase nuclei. The face-centred lattice of CujAu may be 
considered in terms of the four interpenetrating simple cubic lattices to 
which it is equivalent. When completely ordered, one lattice contains 
nothing but gold atoms and the other three, copper atoms. As the alloy 
cools through the critical temperature, gold atoms may segregate on any 
of the four lattices, consequently any individual crystal in the alloy will 
contain a large number of small volumes or nuclei, each qf which is 
ordered throughout on the same simple cubic lattice, but different nuclei 
will be out of phase with one another. By annealing the alloy just below 
the critical temperature for about SO hours, certain nuclei grow at the 
expense of others, until finally the remaining nuclei become comparable 
in size with the crystal, the superlattice lines become quite sharp, and the 
resistance attains a steady value. The alloy may then be cooled to lower 
temperatures without any further appearance of antiphase nuclei (as far 
as may be judged from the sharpness of superlattice lines). If the alloy is 
cot)led continuously from the critical temperature, before a consistent 
scheme of order has been achieved, the electrical resistance is affected in 
two ways, one by the increase of order inside each nucleus produced by 
lowering the temperature, the other by the decrease in disordered material 
consequent on the growth of nuclei. The growth of nuclei is a function 
not only of the temperature but also of the size of the nuclei-*^the larger 
the nuclei the slower the rate of growth. 

• Sykes, ‘ Proc. Rqy. Soc.,’ A, vol. 148, p. 422 (1935). 

t Sykes and Evans, ‘ J. Inst. Met.,’ vol. 58 (1936). 
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By eliminating these nuclei the alloy is in a condition when it could 
reasonably be expected to behave as the theories predict. Measurements 
of the total energy released by the transformation under such conditions 
are in reasonable agreement with the predicted values, although, as with 
CuZn, the rate of release of energy near the critical temperature is not 
correctly given by either theory. The presence of latent heat or, at any 
rate, an extremely high specific heat has been confirmed. 

The ability of the alloy to produce nuclei, coupled with an inherently 
slow rate of diffusion, enables a variety of metastable states to be examined. 
The information obtained from such experiments definitely suggests that 
the energy of any atomic interchange is fixed primarily by its near neigh- 
bours and not by the superlattice order; for example, it is possible to 
release upwards of 40% of the total energy involved in the transformation 
without producing any appreciable change in the electrical resistance or 
any suggestion of superlattice lines, and 95% of the energy may be released 
whilst the electrical resistivity is still 70% higher than the equilibrium value 
and the superlattice lines are still diffuse. 

2— Experimental 

A detailed account of the methods used to measure the thermal effects 
of the ordering process in Cu,Au has already been published.* The 
following outline of the experimental work will assist in the interpretation 
of the results. 

(o) Specific Heat Measurements — A specific heat-temperature (S.T.) 
curve of an alloy undergoing an order-disorder transformation consists of 
the normal S.T. curve with the thermal effects of the transformation super- 
imposed. The method used for the determination of such curves is as 
follows. The specimen in the form of a closed hollow cylinder is mounted 
inside a hollow cylinder of copper. The copper cylinder is heated at a 
uniform rate by means of a furnace, whilst the specimen is heated inde- 
pendently from a small internal heating coil. By suitable manipulation of 
the power input to the heating coil, the temperature difference between 
specimen and copper cylinder may be kept very small, so that no heat is 
lost by the specimen to its surroundings. The instantaneous specific 
heat may then be calculated from the known input to the heating coil 
and the measured heating rate of the specimen. Since determinations of 
specific heat can be made at any stage in the experiment, a complete S.T. 
curve is obtained whilst the temperature of the specimen is continuously 
* Sykes and Jones, * J. Inst. Met (1936) {in print). 
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changing. Figs. 2 and 4 have been obtained in this way. The method is 
only applicable to the measurement of specific heat on heating ; the heating 
rate of the specimen was roughly the same in each experiment ; it varied 
within the range 1 -5° C./min. ± 20%. 

(b) Equilibrium Energy Content Measurements— V/hilst the qualitative 
effect of the ordering process on the energy content may be deduced from 
the specific heat temperature curve by integration, the results obtained in 
this way are not of much quantitative value since the specimen is, in 
general, not in equilibrium, and the precise relation between the actual 
state and equilibrium state of the specimen at each temperature is un- 
known. Direct measurements of the equilibrium energy content are made 
as follows. 

It has been found that all S.T. curves are identical from 420° C. upwards, 
no matter what the initial state of the specimen at room temperature. 
From this it is inferred that the alloy is always in equilibrium in this 
region under the experimental conditions used. The effect of temperature 
on the energy content is, therefore, obtained by measuring the energy 
necessary to heat the alloy from temperature T to 420° C., and plotting 
this energy against T. The same apparatus is used as for the specific heat 
determinations. The specimen is first annealed in situ at the temperature 
T until it is in equilibrium. The heating coil is then supplied with constant 
current well in excess of that required to heat the specimen at 1 '5° C./ 
minute, and the copper cylinder is simultaneously heated from T to 
420° C. The temperature of the specimen is held within ± 0-1° C. of 
the temperature of the copper cylinder by switching off the current to the 
coil at appropriate intervals. The current is simultaneously passed 
through a voltameter which enables the total time the coil was energized 
to be calculated. Since the specimen is in equilibrium both at the begin- 
ning and end of the experiment, the energy input to the coil is equal to 
the difference in equiliMum energy content corresponding to the initial 
and final temperatures although at intermediate temperatures the alloy 
is not in equilibrium. 

(c) The Specimens— kn ingot of copper gold alloy was kindly prepared 
by Mr. A. R. Raper of the Mond Nickel Co., Ltd., Acton. This was 
annealed for 2 hours at 823° C. The specimen was machined from the 
ingot and then reannealed. An X-ray “powder’* photograph was 
taken, using the back reflexion method, and the sharpness of the reflexions 
showed that the specimen was then free from coring and cold working 
eflfects. The chemical composition was 24-9% Au by atoms. All the 
heat measurements were made on this sample. 
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An alloy of slightly different composition, 25 -05% Au by atoms, was 
used for the resistance measurements and X-ray structure investigation 
quoted later in this paper. The specimens were wires which had been 
specially heat-treated to remove coring and cold-working effects. The 
crystal size in the resistivity specimens (1 mm. diameter wires) was of the 
same order as that in the specific heat specimens— 1 mm. The speci- 
mens used for structure investigation were 0-4 mm. diameter and had a 
crystal size of the order 10“® cm. Monochromatic radiation (Cu KJ was 
used for the determination of lattice structure by X-ray diffraction. 



Temperature ° C. 

Fio. 1 — O Actual energy difference; • normal energy difference. 

3— Alloy in Equilibrium 

(a) Energy Content— F\g. 1 shows the effect of temperature on the 
equilibrium energy content of the alloy, the reference temperature being 
420° C. The annealing treatments, used to bring the specimen into 
equilibrium at the various points, were based on the results of an investi- 
gation of the effect of the ordering process on the electrical resistivity 
of the alloy. In each case the alloy was first annealed for at leas t ^ 
hours just below the critical temperature to ensure the rapid growth* olf 
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nuclei, and thus produce a consistent scheme of order throughout each 
crystal. The specimen was then cooled to the final temperature in stages, 
the cooling period was SO hours for temperatures above 350° C., increasing 
to 500 hours for the measurement made at 226° C. 

The normal energy content of the alloy in the absence of any trans- 
formation may be estimated from specific-heat temperature curves. 
Fig. 2 is an S.T. curve obtained after cooling at 30° C./hour from 450° C. 
Disordering commences at about 220° C, whilst up to this temperature 



part OA the specific heat curve is quite normal. We shall assume that 
the curve would traverse OAD if no transformation occurred. The 
specific heats of both copper and gold are known accurately from the 
work of Jaeger* and his associates; using their results we have calculated 
the specific heat of CuaAu assuming it to be a pure mixture and obtained 
the points marked 0. These are in good agreement with the specific 
heat measurements for the alloy in the range 40° C.-220° C., so that there 
is some justification for the extrapolation to 420° C. 

*Jae(er, Rosenbohm, and Bottema, ‘Proc. acad. Sci. Anut.,’ vol. 33, p. 772 
(1932). 
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Fig. 3fl gives the extra energy content due to the transformation as a 
function of temperature. In ^th theoretical treatments of the trans- 
formation the energy is calculated in terms of the energy per atomic inter- 
change, and this bears a definite relation to the critical temperature. We 
have taken the experimental value T, = 391“ C. = 664“ K. found in this 
investigation, and calculated figs. 36 and 3c. The experimental curve lies 
between the two theoretical curves and the agreement is reasonable. 

It is unlikely that the experimental measurements recorded in fig. 1 are 
in error by more than 1%. Moreover, it is found that the energy released 
by the transformation in the specimen, as cooled at 30“ C./hour, is in the 



region 226“ C.-420“ C., the same to within 2% as that obtained correspond- 
ing to equilibrium (cooled in 500 hours) at 226“ C. There can be little 
doubt, therefore, that the heat treatments given were entirely adequate. 
Although the energy content curve is still rising at 220° C., the effect 
is very slight, indicating that the alloy is almost completely ordered, and 
very little extra energy may be expected at lower temperatures. We con- 
clude that the maximum energy available below the critical temperature 
is not more than S-5 cals./gm. 

Both theories, therefore, give results for the total amount of heat 
involved in the transformation which are about 10% too high. Neither 
gives a correct representation of the release of energy near the critical 
temperature. The Bragg-Williams theory gives a curve rising too slowly 
with decreasing temperature and Peierls’s theory gives much too high a 
latent heat. Fig. 2 indicates that the specific heat of the alloy is still 
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abnormally high above the critical temperature, viz., 0-076 cals./gr./® C. 
as against 0-066 as determined from Jaeger’s results. Beyond the critical 
temperature the specific heat remains practically constant up to 500° C. 
and then rises slowly. (The accuracy of the specific heat measurements 
is of the order of ± 1%.) We have estimated the abnormal specific heat 
due to the disordering of nearest neighbours according to the theory of 
Peierls and an increase of 0-004-0-005 cals./gm./° C. is to be expected. 
This is about half the observed difference. In view of the difficulty of 
determining the normal specific heat this result must be regarded as 
reasonable. 

(b) Behaviour of the Alloy at the Critical Temperature— R&iext'vng to 
fig. 1 , It will be seen that two determinations of energy content were made 
just below the critical temperature (389-5° C. T, = 391° C.) after 
soaking at this temperature for 100 hours, and one determination just 
above at 396° C. The energy difference is 2-4 cals, and if it is assumed 
the average normal specific heat in this region is 0-066 then the upper 
limit to the latent heat is 1 -9 cals./gm. 

The detailed experimental results forming the basis for the statement 
that latent heat is absorbed at the critical temperature have been given 
in a prior publication.* It was found that provided the specimen had a 
consistent scheme of order throughout each crystal at a temperature just 
below the critical temperature, then, although energy was continuously 
supplied to the specimen, its temperature-time curve in the neighbourhood 
of the critical temperature showed first a maximum and then a minimfim ; 
in brief, an effect exactly opposite to the “ undercooling ” phenomena 
observed on cooling curves and generally produced by a change of phase. 
The fact that the temperature of the specimen falls, although heat energy 
is continuously supplied, proves that latent heat is absorbed at the critic^ 
temperature on heating. If antiphase nuclei are present then only a 
large specific heat is observed, cf. fig. 2 where the specific heat rises to 
2 cals./gm. /°C., but no latent heat is observed. The figure of 1 -9 cals./gm./ 
jnentioned above is undoubtedly too high; since no allowance is made 
either for the heat released below the critical temperature or for the 
abnormal specific heat contributed by the change in local order above 
the critical temperature. If these factors are taken into account, a value 
of 1 -26 caIs./gm./° C. is obtained, as a lower limit. The true value for 
the specimen concerned is considered to be within the limits 1 *26 cals. ± 
10%. Peierls’s result of 4-0 cals./gm. appears, therefore, to be much too 
hi^. 

* Sykes and Jones, * J. Inst. Met.,’ (1936) {in print). 
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Differences in the behaviour of the alloy Cu,Au at the critical tempera- 
ture have been observed by various investigators* and attributed to the 
presence of traces of impurities, in particular oxygen. These raise the 
critical temperature on heating and render the transformation more 
sluggish than it would normally be. Experimental results obtained under 
such circumstances would be too small. It is extremely unlikely that 
any appreciable effect of this sort has occurred in this work. To obtain 
a latent heat of 4-0 cals./gm. the true critical temperature would have to 
be as low as 350° C., whereas it is quite certain that the alloy transfornts 
from the disordered phase at normal rates of cooling (30° C./hour) at 
370° C. On the other hand, it is possible that the precise shape of the 
energy content curve in the neighbourhood of the critical temperature may 
be affected appreciably by small traces of impurities and slight divergences 
from the exact composition CugAu. Further experiments on specimens of 
compositions near to the theoretical composition and melted in various 
atmospheres are contemplated in order to determine whether these factors 
do affect the shape of the curve near the critical temperature. 

(c) The Change in Entropy— The difference in entropy between the 
ordered and the disordered state has been calculated by Williamsf on 
the assumption (n) that the transformation results solely due to atomic 
rearrangement, and (h) that the entropy of the ordinary vibrations is 
independent of the degree of order. He obtains the result of 0 01 16 cals./ 
gm./°C. for Cu,Au and this should be quite independent of the nature of 
the forces governing the transformation. Since, according to Bragg 
and Williams, order disappears entirely above the critical temperature, 
the whole of the entropy change should be located below this temperature. 
On the other hand, according to Peierls, apart of the entropy change, viz., 
that resulting from the alteration in local order, should take place above 
the critical temperature. 

The experimental result for the change in entropy for the temperature 
range 226° 0.-391° C. is 0-0081 cals./gm./°C., which is much smaller than 
the Bragg-Williams result. Assuming that the normal specific heat curve 
(fig. 2) is correct, the change in entropy from 550° C. to 390° C. produced, 
as a result of the increase in local order, is 0-0017 giving a final figure 
of 0-0098 cals./gm./°C. This is still appreciably smaller than the 
theoretical result, indicating that the contribution made by the local order 
is still incomplete. 

* See Hau^ton and Payne, * J. Inst. Met,' vol. 46, p. 481 (1931). 

t Williams, ‘ Proc. Roy. Soc.,* A, vol. 152, p. 231 (1935). 
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4— Mbtastable States 

The experimental method described in brief in § 2 (a) enables a variety 
of metastable states to be examined and the mechanism of the ordering 
process traced through its various stagM. 

(a) Specific Heat-Temperature Curves— ¥'\%. 4 shows a number of S.T. 
curves taken whilst the temperature of the specimen was raised con- 
tinuously at 1-5° C. /minute from room temperature to 450° C. The 
previous heat-treatments given to the specimen were: — 

Fig. 4a— water quenched from 395° C (just above the critical temper- 
ature) ; 

Fig. 4/> — water quenched from 550° C. ; 

Fig. 4c— water quenched from 450° C., annealed for 2 hours at 130° C., 
then cooled to room temperature; 

Fig. 4rf— annealed at 380° C. for 60 hours and then water quenched ; 

Fig. 4e — cooled at 1500° C./hour from 450° C. to 300° C. and then 
cooled to room temperature in 1 hour. 

In order to prevent oxidation, the specimen was sealed in an evacuated 
glass bulb whilst being heat-treated. This shattered on entering water 
and a satisfactory quench was obtained. Two sets of points are shown 
in fig. 4b ; these refer to two different experiments and demonstrate that 
the mctastable states can be accurately reproduced. The curves are 
not continued to the critical temperature as this would complicate the 
diagram ; above the critical temperature they were all the same as fig. 2, 
within the limits of experimental error. Through each curve a line is 
drawn which represents the S.T. curve for the normal alloy, assuming no 
atomic rearrangement (cf. fig. 2, line OAD), and this forms a convenient 
zero line. 

(b) Interpretation of fig. Aa — When the alloy CugAu is quenched from 
above the critical temperature the structure, which contains no superlattice 
order, is preserved down to room temperature. 

An X-ray photograph, typical of the alloy as quenched from above the 
critical temperature is shown in fig. 6, Plate 3. The structure is a normal 
face-centred one. No superlattice lines arc present, from which it can 
be deduced that any small volumes in the specimen, throughout which 
there is a coherent scheme of order, must appreciably smaller than 
5 X 10“^ cm. linear dimensions.* We shall assume that, in the specimen 

* We shall subsequently describe measurements which indicate that superlattice 
lines become visible when the ordered volumes attain a linear dimension of S * 5 X 10-* 
cm. The lattice spacing for Cu,Au is 3 -75 A., so that this distance corresponds to 
about 14 atomic distances. 
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as quenched from 395° C., only local order exists, but that owing to 
fluctuations there is a large number of places where a small number of 
adjacent atoms has a high degree of order of nearest neighbours. These 
places act as nuclei, and as soon as the speed of atomic interchange becomes 
appreciable (60° C.) growth commences and energy is released. From 



Fio. 4— Spedfle heat-temperature curves, a. Specimen quenched in water from 
395* C. (Tc = 391* C). b. Specimen as water-quenched from 550* C. c 
Specimen water-quenched from 450° C. annealed for 2 hours at 130° C. and then 
cooled to room temperature, d. Specimen annealed at 380° C. for 50 hours then 
quenched in water, e. Specimen as cooled at 1500° C./hour through the critical 
temperature to 300° C. cooled to room temperature m 1 hour. 

130° C. the rate of evolution of energy diminishes, and finally at about 
230° C. the specific heat becomes normal once more, showing that any re- 
arrangement process going on in the alloy produces no net effect. The 
alloy is not in true equilibrium at 230° C., since, if the temperature is 
rais^ still further, more energy is evolved. It is necessary, therefore, to 
explain why the ordering process takes place in two stages and two 
hypotheses are suggested. 
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In the first place, as we have already mentioned in the introduction to 
this paper, adjoining nuclei are probably antiphase, otherwise they would 
coalesce. Once they touch at certain points (130° C.) further growth 
should very rapidly diminish, and when the nuclei touch at all points 
growth can only occur due to the absorption of certain nuclei by others. 
This is likely to be a very slow process indeed. Apart, however, from the 
fact that the various adjoining nuclei are antiphase, there is also the 
possibility that variations in chemical composition* occur' in the alloy 
over such small distances. As the nuclei grow they will absorb gold and 
copper atoms in the proportion of 1 : 3, and any excess atoms of either kind 
will be finally concentrated at the boundaries. Further growth can then 
take place only by moving atoms around the boundaries which will again 
be a very slow process. 

Both the above hypotheses lead us to expect a rapid falling off in the 
rate of energy release once the nuclei touch, from 130° C. onwards. As 
the temperature is raised the number of atomic interchanges per second 
increases and tends to counteract the retardation. At 230° C. growth 
recommences, and by reducing the amount of disordered material in the 
boundaries, produces a second dip in the S.T. curve. This growth con- 
tinues until the nuclei dissolve at the critical tempierature. At 314° C. 
a sharp minimum is observed and thereafter the specific heat rises rapidly 
until Ae critical temperature is reached. From 230° C. upwards, two 
effects are superimposed: the reduction of the amount of boundary 
material leads to an evolution of heat ; the degree of order inside the 
nuclei decreases and leads to an absorption of heat. As the temperature 
rises the first effect decreases since the proportion of disordered material 
becomes smaller, the second effect increases rapidly (c/. fig. 2, which is a 
near approximation to the equilibrium S.T. curve), hence the very sharp 
minimum. At 342° C. the two effects arc equal and opposite; beyond 
this temperature the small heat evolution due to growth of nuclei is 
entirely masked by disordering inside the nuclei. 

(c) Size and Structure of Nuclei— Before proceeding to the interpreta- 
tion of the other curves in fig. 4, some idea of the size and constitution of 
the nuclei in the various stages of the curve in fig. 4a will be given. A 
number of wires was quenched in water from 4S0° C. and then heated at 
2° C. /minute; a wire was quenched at approximately 2S° C. intervals 
from 150° C.-350° C. Figs. 7 and 8, Plate 3, give the structure of the 

* We shall show later that the size of the nuclei under consideration at this stage 
is about 6-8 atoms across, so that fluctuations in chemical composition are not 
excluded. 
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two specimens quenched from 320* C. and 344* C. respectively. Super- 
lattice lines are visibie only on fig. 8, Plate 3. 

It is known that the breadth of the X-ray reflexions is inversely pro- 
portional to the size of the particles producing the reflexions, and Scherrer* 
has given the following relation 


B is the angular width of the reflected beam between the two points where 
the intensity falls to half value; 

b is the angular width the line would have owing to the finite slit width 
and other experimental features even if the optical resolution were perfect ; 
X is the wave-length of the radiation used (I -54 A. for Cu K); 

0 is the Bragg angle for the particular reflexion under consideration ; 
and 

t is the thickness of the crystal. 

The breadth B of the superlattice lines on fig. 8, Plate 3, was obtained, 
using the well-known photometric methods. The corresponding value of 
b was obtained by extrapolation of the breadth of the normal lattice lines 
against the Bragg reflexion angle. Six sets of measurements were made to 
reduce errors produced by grain size in the photographic emulsion and by 
any slight preferential orientation existing in the specimen. The final 
result for the average size (r) of the nuclei using the above formula was 
5'5 X 10-’’ cm., i.e., 14 atomic distances. Experimental determinations 
of this type are liable to errors of ±30%, and it is doubtful whether the 
formula itself is strictly accurate, consequently such results, can only 
be regarded as estimates from which the approximate constitution of the 
nuclei may be deduced. 

The energy released by the formation of nuclei existing at 340* C. is 
given by the area between the S.T. curve, fig. 4a, and the normal S.T. line 
in the temperature range 20° C.-340° C. This energy is 2 ■ 5 cals. /gm. and, 
since the total energy available is 5*2 cals./gm., cf. fig. 3, a fraction of 
0-45-0 -5 of the total energy has been released at this stage. Let us 
suppose the nuclei are cubic in shape with an edge d atomic distances 
long. If the atoms forming the surface layer are arranged at random 
whibt the remainder are completely ordered, then to a first approxima- 
tion the energy released will be the fraction (1 — 6/</) of the tot^ energy 
provided the energy of any atom is fixed only by the identity of its immedi- 
ate neighbours. In order to get the experimental value of 0-S, the above 

* Brmgg, “ The CrystBUine State," p. 190. 


VOL. CLVn.— A. 


Q 



226 


C. Sykes and F. W. Jones 


hypothesis leads to nuclei 12 atomic diameters long as compared with the 
value of 1 4 actually measured. Bearing in mind the uncertainties involved 
in the measurement of particle size and that there will be a certain amount 
of disorder in the interior of the nuclei at 340° C., it is reasonable to con- 
clude that the energy of any atom is fixed only by the identity of its neigh- 
bours within, at the most, two atomic distances, l.e., all the atoms in the 
nuclei may be considered to have the energy associated with the equilibrium 
degree of order at the particular temperature concerned, with the excep- 
tion of those in the two boundary layers. 

In the case of the specimen as cooled at 30° C. per hour the nuclei have 
an average length of 2-8 x 10~* cm., i.e., 75 atomic distances, so the 
experimental result already mentioned: that the energy content of such a 
specimen at 226° C. is almost the same as that of the alloy in true equili- 
brium at that temperature, is to be expected if the suggested constitution 
of the nuclei is correct. 

It is estimated that the first dip in the S.T. curve, fig. 4a, is produced by 
the formation of nuclei of linear dimensions of from 6-8 atomic distances. 

(d) Further Effects of Nuclei on the Specific-Heat Temperature Curve— 
The first dip in the S.T. curve has been eliminated by annealing at 130° C. 
for 2 hours. On the other hand, the second dip is just as prominent, and 
extends over the same range of temperature. By annealing at 130° C. 
the nuclei are allowed to grow until they touch ; since this growth gives 
rise to the first dip observed in the quenched alloy we should not expect 
to observe it in fig. 4c. Further, once the nuclei are touching at all points, 
a state of affairs likely after 2 hours at 130° C., further growth will only 
take place at a much higher temperature where the rate of atomic inter- 
change is correspondingly larger; this is in agreement with the result 
on fig. 4c where the second dip commences at about 260° C. A back- 
refiexion X-ray photograph taken from the actual specific heat specimen 
after annealing at 1 30° C. for 2 hours (i.c., immediately prior to the experi- 
ment recorded in fig. 4c) showed no trace of superlattice lines. This is in 
agreement with the deduction that the first dip is to be associated with the 
formation of nuclei of about 6-8 atomic distances in length, since the 
intensity of reflexion from such small volumes will be extremely weak. 
It further disposes of the possibility that the behaviour of the specific heat 
specimen mi^t be essentially different from that of the wire (measure- 
ments of nuclei size were made from films of wire specimens). 

Fig. 4b — It is of interest to compare fig. 4b with fig. 4a. The initial 
dip in fig. 4b is much larger, and it was at first thought that a certain 
amount of local disorder had been frozen in the alloy by quenching from 
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550° C. (at 395° C. the local order is a maximum since the alloy is on the 
point of changing over to superlattice order). Further investigation 
showed that the total energy absorbed to raise the alloy from 25° C. to 
420° C. was the same in both cases, within the limits of experimental 
error. Moreover, it will be noticed that both curves cut the normal specific 
heat line at the same temperature: 341° C., and integration of the S.T. 
curves from this point to 420° C. gives the same result for the energy 
content. At 341° C. then, the alloy has arrived at the same structure in 
both experiments, i.e., the nuclei arc the same size. It is suggested that 
the number of centres for growth is smaller in the alloy as quenched from 
550° C. than as quenched from 395° C. ; the nuclei reach an appreciably 
larger size before they touch so that the initial dip is bigger, and conse- 
quently the second dip must be correspondingly smaller. The ratio of 
the amounts of energy involved in the first dip suggests that the number 
of nuclei as quenched from 395° C. is about 30% more than in the alloy 
as quenched from 550° C. At 230° C. (fig. 4b) disordering takes place 
inside the nuclei, so that the apparent specific heat rises above the normal 
value. The reason for the difference in the number of nuclei in the two 
cases is not entirely clear ; 395° C. is very near to the temperature at which 
superlattice order sets in and possibly a large number of minute nuclei 
exist in the alloy at the high temperature and are frozen by the quenching 
operation. At 550° C. this effect will not be so marked. On the other 
hand, the fact that the energy of the specimen in the two conditions is 
the same, suggests that no appreciable amount of local disorder is pre- 
served in the alloy as quenched at 550° C. 

Fig. 4d— The structure of the alloy after this treatment may be deduced 
from fig. 9, Plate 3. The superlattice lines are sharp and the high reflexions 
show the K. doublet completely resolved. This forms a convenient 
index to the particle size,* since if X and X + dX are the wave-lengths of 
the doublet, and t the size of the crystals, for resolution 

|>^>40ForCuK.^ = 400; X==1-5A.. 
i.e., 

r>200X>300A>80 atomic distances. 

The superlattice lines are practically as sharp as the main lattice lines, 
consequently, we may conclude that there is a coherent scheme of order 
over distances comparable in size with the individual crystals 10~* cm. 
According to fig. 3, 2'7 cals./gm. is released by the alloy in passing from 
* Bragg, ** The Crystalline State,” p. 190. 
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disorder to equilibrium at 380° C. If S* is the superlattice order at this 
temperature 

0-52, 

i.e., S = 0-7 to a first approximation. So that at the commencement of 
the experiment the extremely large nuclei have a high degree of order. 

On heating, two dips again are observed, although appreciably smaller 
than in the case of figs. 4a and 4b. If the lattice ordered as a whole, one 
dip only would be expected. (Growth of nuclei of the size present in the 
quenched alloy cannot be responsible for either dip since, (a) the boundary 
material is of negligible proportions, and {b) a very high temperature 
(> 380° C.) would be necessary for growth to proceed.) Regions of 
high local order must form, lock, and then coalesce at the high tempera- 
tures. It is unlikely that antiphase volumes even of. say, 6 atomic dis- 
tances in dimensions can form in a single phase pattern having a basic 
degree of order throughout of 70%, and the second hypothesis of variation 
in chemical composition, which has already been put forward, appears to 
be the more likely explanation of the locking action in this case. If the 
specimen is annealed for 2 hours at 130° C. after the treatment at 382° C. 
the superlattice lines are still quite sharp, see fig. 10, Plate 3, indicating 
that antiphase volumes larger than 14 atomic distances are not produced. 
The minimum of the second dip occurs at an appreciably louver tempera- 
ture than in the disordered alloy and is much flatter. The energy avail- 
able from the boundary material is smaller and is soon counterbalanced 
by the disordering effect. 

Fig. 4€^This S.T. curve shows a combination of effects not emphasized 
by the other curves. There is no initial dip at 1 30° C., and the first effects 
due to atomic rearrangement start at 230° C. A flat minimum, similar 
to that in fig. 4d, follows and the curve crosses the normal S.T. line at 
314° C. 

Fig. 11, Plate 3, is an X-ray photograph of a wire heat-treated in a 
similar manner to the specimen. The superlattice lines are very similar 
to* those in fig. 8, Plate 3 ; the nuclei present in the specimen at the begin- 
ning of the specific heat measurement are roughly the same size as those 
present in the quenched alloy, fig. 4a, by the time it reaches 340° C. This 
fact may be deduced from the S.T. curves, figs. 4e and 4a. 

In fig. 4a the specific heat curve intersects the normal specific heat line 
at 340° C., in fig. 4e, on the other hand, the intersection occurs at 314° C. 


Bragg and l^ianu, ‘ Proc. Roy. Soc.,’ A, Vol. 145, p. 713 (1934). 
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At an intersection of this type the atomic rearrangement process produces 
no net effect, therefore the energy released due to the growth of the 
nuclei is equal to the energy absorbed by the disordering of the material 
inside the nuclei. If d is the linear dimension of the nuclei and if S is the 
abnormal equilibrium specific heat, /.e., that part of the specific heat above 
the line OAD in fig. 2, then to a first approximation 



Since the abnormal specific heat at 340” C. is higher than that at 314° C., 
it follows that the nuclei at 340° C. in the experiment given by fig. 4a are 
smaller than those at 314° C. in fig. Ae. If our interpretation of previous 
curves is correct, such nuclei are too large to grow appreciably in the 
temperature range up to 314° C. and must have existed in the specimen 
at the start. 

There are, therefore, two peculiarities in fig. 4e: the absence of the 
initial dip, and the appearance of the second dip, if the nuclei at the com- 
mencement are too large to affect the energy content by growth in the 
temperature range 230° C.-310° C. 

The relatively large nuclei formed during cooling from 450° C. will 
cease to grow at about 320° C. and thereafter local regions of high order 
will be produced inside them in the subsequent cooling to room tempera- 
ture. (The equilibrium degree of order at 320° C. is lower than the 
equilibrium degree of order at room temperature.) According to fig. Ad, 
we expect these regions of high order (nuclei within nuclei) to lock, so that 
on heating very little energy should be released until a temperature of 
230° C. is reached, when they can begin to coalesce. The dip in fig. Ae is 
therefore strictly comparable to the second dip on fig. Ad. 

5— Effect of Size of Nuclei on Electrical Resistance 

The ordering process, as we have already mentioned, affects the 
electrical resistance of the alloy. 

Fig. 5 gives certain curves of resistivity as a function of temperature, 
which may be compared with S.T. curves in figs. 2 and 4. 

According to fig. 5a, the electrical resistance begins to fall at 310° C. 
on heating, the general shape of the curve is, however, quite different 
firom the S.T. curve, fig. Aa. The type of order responsible for the first 
dip on fig. 4a has no effect on the electrical resistance. This was con- 
finned by annealing a wire, quenched from 450° C., for 2 hours at 130° C. 
The change in resistanoce (if any) was less than i%. It is clear, then, that 
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a considerable amount of energy (upwards of 40% of the total energy of 
the transformation) corresponding to formation of nuclei (8-10 atoms 
long) may be released before the resistance is affected at all. 

From fig. 5b we see that the electrical resistance of a specimen cooled 
at 30° C./hour is about 30% higher at 250° C. than the equilibrium value: 
yet according to energy measurements practically the whole of the energy 
has been released. 

Fig. 12, Plate 3, gives the structure of the alloy as cooled at 30° C./hour, 
the superlattice lines of large reflexion angle arc still not resolved. From 



Fio. 3— Resistivity temperature curves, (a) Heating rate 2' C./minute. Speciinen as 
quenched from 430° C. ib) Specimen cooled at 30° C./hour. (c) ^uilibnum 
curve obtained after long annealing. 

the measured width of the lines it is estimated that the average sue of the 
nuclei is 75 atomic distances. Such nuclei are still sufficiently small to 
affect the electrical resistance and other experiments carried out at constant 
temperature have shown that the electrical resistance only reaches a steady 
value when the superlattice lines are completely resolved, when the nuclei 
are considerably greater than 300 A. 

The recent wave-theory of the metallic state leads to the following 
formula for the mean-free path X of the electron in a metal of resistivity p 



where e is the electronic charge, N is the number of atoms per cc., and h is 
Plank’s constant. The disordered alloy at 350° C. has a resistivity of 
14 X 10"* obms/cc. and the ord^ed ^loy in equilibrium a resistivity 
of 10 X 10~* ohms/cc., the corresponding mean-frN path being 30 atomic 
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distances and 40 atomic distances, 1*1 x 10“® and 1-5 x 10~* cm. 
According to our experiments, then, the size of the nuclei affects the 
resistance when it lies between 4 x 10“^ and 3 X 10~* from X/3 to 2X, a 
result which would be expected if the electron had particle properties. 

The electrical resistance is affected, not only by the size of nuclei (pre- 
sumably due to reflexions of electrons at the boundaries) but also by the 
degree of order inside the nuclei, and it is possible to produce a variety of 
different structures, all having the same electrical resistance at the same 
temperature.* The general relations between degree of order, size of 
nuclei, and resistance are now being determined experimentally. 

Hitherto, much of the experimental work on the CuaAu transformation 
has been concerned with the measurement of resistance, very little atten- 
tion being given to X-ray structure and energy measurements. This is 
unfortunate, since the electrical resistance bears no simple relation to 
either the temperature or structure of the alloy. Bragg and Williams,t in 
an investigation of the relaxation to the equilibrium state, assumed that 
the electrical resistance was a linear function of the superlattice order in 
the alloy and calculated that atomic interchange should cease at 270° C. 
for CujAu. They pointed out that the diffusion coefficient necessitated 
by this result was much smaller than the recognized value. Nevertheless, 
resistance-temperature curves showed the first effects of the transformation 
in the temperature range 250° C.-310° C. (the slower the heating rate, 
the lower the temperature). Actually, rearrangement occurs at tempera- 
tures as low as 60° C. ; but before the nuclei have attained the minimum 
size necessary to affect the resistance, they lock. Thereafter growth 
becomes so slow that at normal heating rates a temperature in excess 
of 250° C. is reached before the nuclei attain the requisite minimum size. 


6— Conclusions 

The experimental work on the equilibrium state indicates that both 
theories of the ordering process are in error to about the same extent. 
The facts that an abnormally high specific heat is observed above the 
critical temperature, and that the change in entropy below the critical 
temperature is much smaller than the calculated change from complete 
disorder to complete order, are, however, in favour of the theory of Bethe 
and Peierls. Neither theory purports to consider the metastable state 
containing nuclei, but the evidence from this work is conclusive in sug- 

* Sykes and Evans, ' J. Inst. Met,' vol. 38, p. 233 (1936). 
t nragg and Williams, * Proc. Roy. Soc.,' A, vol. 143, pp. 723, 729 (1934). 
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gesting that the basic assumption of Bethe, that the energy of any atom is 
determined by the identity of its immediate neighbours, is a good approxi- 
mation. 

The alloy passes from a state of disorder to the state of order at a given 
temperature by rearrangement around small atomic configurations having 
a high degree of order of nearest neighbours at the temperature con- 
cerned. The nuclei thus formed have very narrow boundaries, and the 
equilibrium degree of order practically up to the surface, so that a large 
decrease in energy content can occur before the nuclei are large enough 
to produce superiattice lines. The formation of nuclei within nuclei 
appears to take place under suitable conditions. The growth of nuclei 
is affected not only by the temperature but also by the size of the nuclei 
themselves. 

Since a considerable amount of atomic rearrangement can take place 
before either the lattice structure or electrical resistance is affected, inter- 
pretation of experimental results in the absence of energy measurements 
must be made with caution. 

Further experimental work is desirable to test the two hypotheses put 
forward to explain the interlocking effect of the nuclei. Investigation of 
suitable alloys of the type XY are likely to assist in this direction, since 
interlocking in such alloys due to the antiphase character of the nuclei 
must be very much smaller than in the case of alloys of the type XjY. 

The authors are indebted to Major C. Johnson, Refinery Manager of 
the Mond Nickel Co., for his kindness in arranging a loan of the specific 
heat specimen from his Company. Their thanks are also due to the 
Metropolitan-Vickers Electrk^ Co., Ltd., for kindly providing the 
necessary facilities for this work, and in particular they are indebted to 
Mr. A. P. M. Fleming, C.B.E., Director of the Metropolitan-Vickers 
Electrical Co., Ltd., and Manager of the Research Department, for his 
personal interest in the investigations. 

The authors thank Professor W. L. Bragg, F.R.S., for his kind and 
continued interest. 

Summary 

The effect of the atomic rearrangement process on the energy content 
of the alloy Cu,Au has been determined experimentally. The results are 
compared with those predicted by the theories of Bragg and Williams, 
and Bethe and Peierls, and it is shown that the latter theory gives the best 
approximation. From an examination of the behaviour of the alloy in 
certain metastable states, it has been deduced that the energy of any atom 
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is fixed only by the identity of its neighbours within two atomic distances. 
Consequently a large proportion of the energy of the ordering process is 
released by the time the regions of consistent order attain a length of 
5 X 10“^ cm. 

The electrical resistance of the alloy, on the other hand, starts to 
diminish when the ordered regions are about 5 x 10"^ cm. long, and has 
not reached the equilibrium value even when these regions are 3 x 10~* 
cm. long. 
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Some Influences of Dilution on the Explosive Combustion 
of Hydrocarbons 

By WiLUAM A. Bone, F.R.S., and L. E. Outridge, Ph.D. 

{Received 22 May, 1936) 

[Plates 4, 5, 6] 

At the Bakerian Lecture of 1932,* experiments were shown for the 
purpose of demonstrating (I) that on exploding either ethylene or acety- 
lene with its own volume of oxygen there is neither the slightest separation 
of carbon nor appreciable condensation of steam on cooling, the end 
products being in accordance with the empirical equations 

(a) CaH 4 + 0, = 2C0 + 2H„ 
and 

(b) C,H* + O, - 2CO f H„ 

respectively; and (2) that the end result is unaffected by considerable 
dilutions of the media with hydrogen, e.g , as in the following cases, 

(c) CjH* + Oa -I- H, - 2CO -H 3H„ 

and 

(d) C,H, + O, + 2H, - 2CO + 2Ha. 

A year later, in experiments made during a lecture to the Chemical 
Society at the Royal Institutionf for the purpose of showing how little 
(if any) the last-named result (d) is affected by dilution with an inert gas 
(He, Ar, or N,), it was noticed that, while the colour of the explosion 
flame varied with the diluent and there was neither carbon separation nor 
any visible steam condensation during a helium- or argon-diluted explosion 
(i.e., of CjH, + O, + 2H, + 4He or Ar), both were just discernible 
during a nitrogen-diluted explosion (i.e., of C,H, + 0| + 2H, -f- 4N,), 
a result indicating, as had been previously mentioned in a paper by Bone, 
Fraser, and Lake,:|: that the course of events might be “ sli^tly affected 
by nitrogen ”, the matter being reserved for further investigation. 

The possible significance of such observations in regard to the explosive 
combustion of hydrocarbons induced us to study systematically how 
explosions of equimolecular mixtures of ethylene or acetylene and oxygen 

* • Proc. Roy. Soc.,’ A, vol. 137, p. 243 (1932). 

t ‘ J. Chem. Soc p. 1399 (1933). 

I ‘ Proc. Roy. Soc.,’ A. vol. 131, p. 1 1 (1931). 
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may be affected by progressive dilutions with helium, argon, and nitrogen, 
respectively, and in the present paper are summarized the results of our 
further experiments in such direction. 


Experimental 

1 — Chemical Investigations 

Procedure — The experimental mixtures CjH 4 + Og + xR or CgHg + 
O, + xK (where R = He, Ar, or NJ were all accurately made up in 
glass holders over mercury from their highly purified constituents, and 
were subsequently exploded at some convenient initial pressure, e.g., 
between circa 130 mm. for an undiluted and 760 mm for a well-diluted 
medium, in a sealed cylindrical bulb of ‘red-line’ Jena glass of about 100 cc. 
capacity fitted with capillary ends and platinum electrodes (fig. 1). In 
each case the mixture fired was “ moist ”, i.e„ just saturated with water 
vapour at the room temperature. Special precautions were always 
taken to ensure both the initial firing pressure (pi) and the final pressure 
of the cold end-products (p,) at the room temperature being accurately 
ascertained, and in each case both the original mixture and the end gaseotis 
products were fully analysed. Careful notes were always made of the 
colour of the explosion flame, or of any discernible separation of carbon 
or condensation of steam during the cooling period. 

— <ZIZ>— 

Bo. I. 

In the tabulated results, the initial and final pressures (pg and are 
always expressed in terms of the dry media at the initial firing- (i.e., room-) 
temperature, adjustment having been made for any slight temperature 
change between the instant of firing and the final pressure-reading of the 
cold products. From the combined pressure and analytical results, 
C — H| — O, “ balances ” were drawn up from which the proportionate 
amount of any carbon-deposition and/or steam-condensation during or 
after each explosion could be ascertained. To assist in the interpretation 
of results, the main experiments were supplemented by photographic and 
spectrographic investigations of the explosion flames. 

General Results— The analytical results of the main series of experi- 
ments, as summarized in Tables I and 11 for acetylene- and ethylene- 


R 2 
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mixtures, respectively, show that while in each case up to a certain limit 
“ dilution ” had no appreciable influence on the course of events during 
explosions of C,H, + O, or C,H4 + O, media, beyond it there was a 
progressive tendency to cause both carbon deposition and formation of 
steam, such being much more marked in C1H4 + OjthaninCgHi + O4 
explosions, and with nitrogen than with either argon or helium as diluents. 

Except where incipient or actual carbon deposition intervened, the 
explosion flames were blue, and the eye could detect no change in the 
appearance of the explosion vessel either during or after the cooling 
period. Incipient carbon-deposition was always heralded by a whitish 
tinge in the flame, and (may^) by a slight “ mistiness ” afterwards, and 
any pronounced carbon-dqmsition was marked by a yellowish smoky 
flame. The surest criterion of any appreciable H|0-formation during an 
explosion was a COi-content exceeding 1% in the final gaseous products, 
because of the operation of the secondary reversible CO + OH, ?=> 
CO, -+■ H , reaction during the cooling period. Also, it would be indicated 
by an observed />,//>, ratio below that calculated for the hydrocarbon 
being burnt to CO and H, only, after allowing for any small CHffonna- 
tion during the explosion. 

(1) C,H, -H O, -t- xR Explosions (Table I)— With Ar or He as diluent, 
the limit of inflammability at atmospheric pressure was reached with x 
slightly over 7-5. Thus with He as diluent, the medium exploded when 
X = 7'7 but not when x — 8, and not the slightest sign of any carbon- 
deposition or H,0-formation could be detected until x exceeded 7-S, nor 
with Ar-diluted media until it approached that ratio. Hence in neither 
case had the dilution any appreciable effect upon carbon-deposition or 
H,0-formation until near the limit of inflammability. 

With nitrogen as diluent, however, incipient C-deposition and H,C)- 
condensation were observable with x sli^tly greater than 4 *0. For 
while when x — 3 ’96 neither was detectable, with x = 4’7 both were in 
evidence and progressively increased on further dilution. Hence while 
neither carbon-deposition nor H,0-formation was detectable during the 
explosion of an undiluted C,H, -f O, mixture, or even during that of the 
corresponding air-muture (/.e., of C,H, -f O, -f 3-77 N,), a little 
further dilution of the medium sufficed to bring both in evidence, though 
even at extreme dilution the principal reaction still remained 
C,H, -f O, -f- xN, = 2CO -f H, -I- xN,. 

Moreover, excq>t at extreme N^dilutions, where a trace of aldehyde 
could be detected, no appreciable aldehyde, cyanide, or nitrite was 
present in the cold explosion products. 



Table I— C,H, + Oj + x (He, Ar, or N,) Explosions 
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* CdcoUted on the basis of the hydrocarbon having burnt thus, C>Ht + Oa + ;tR ^ 2CX} + H, + jrR, without either carbon deposititm or water 
nation, but allowing for any amall methane fwmation during expl^on. 

t a dDution bqrond which carbon depoaition and water formation became visually evident 
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(2) CtH4 + O, + xR Explosions (Table II) — While neither carbon de- 
position nor H, 0-formation was observable with an undiluted CjH* + Ot 
medium, both became slightly evident when xR = 1 He, or Ar, or 0 ■ 5 Ng. 
But whereas even when xR = 3 (He or Ar) such effect remained slight, 
with nitrogen-dilution beyond x = 2 it sufficed to produce a yellow 
smoky flame, although the reaction CjH, + O, == 2CO + 2H, still 
greatly predominated. It should be noted also that a C^H* -f- O, -f 4N, 
mixture was found not to explode at atmospheric pressure, and that 
neither aldehyde, cyanide, nor nitrite could be detected in the cold 
products. 

(3) C,H, + O, 4- xUtond CjH4 + O, + xH * Explosions (Table III) — 
At this point it is important to compare the foregoing results with those 
of similar experiments upon hydrogen-diluted C,H, + Oj and C,H| + O, 
media. Accordingly in Table III are summanzed the results of experi- 
ments with such mixtures. It will be seen that while dilution of a 
C,H, + O, medium with even as much as 4H| did not cause any appreci- 
able carbon-deposition or H|0-formation on explosion, progressive 
dilution of a C1H4 -f- Ot medium with hydrogen soon resulted in some 
H|0-formation on explosion without any perceptible carbon-deposition. 

Comparing now the C1H4 4- O, -|- xH* with the corresponding 
CjHt 4- Of 4- .*Nt explosions, it will be seen how effective was the sub- 
stitution of hydrogen for nitrogen in suppressing any carbon-deposition 
without, however, much increasing the percentage of oxygen appearing 
as steam in the final products. 

According to the hydroxylation theory, the explosive combustion of 
ethylene may be represented as involving: — 

( 1 ) ( 2 ) 

H.C.H H.C.OH H.C.OH 


2H.C:4-H,0 



C,H„ C, + H„ 2CH4 


2H,:C:0 
2CO 4- 2H, 


Now as on exploding an undiluted equimolecular C1H4 4- 0| mixture 
there is a “ non-stop ” run through (1) to (2), without any appreciable 
thermal decomposition occurring at (1), progressive dilutions of the 
medium with hydrogen should have two distinct effects on its explosion. 



Table II— CjH, + O, + Jc(He, Ar or N,) Explosions 
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• Caknlated <» the basis of the hydrocarbob having been burnt thus, C,H, -f O, + xR = 2CO + 2H, -f- jtR, without dthcr carbon deposition 
or water formation, but after allowing for any small methane formation. 

t Indicates the dilutim beyond which carbon deposition and water formation become visually evidoit. 
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aS* 
+ + + + + 
o d odd 
+ + + + + 


or water fonnatioii. but after allowing for any small methane fonnation dunng explosion. 
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By particijpating more and more, in proportion to its active mass, in the 
initial oxygen-distribution, the hydrogen should {a) prevent some of the 
hydrocarbon being oxidized to the di-hydroxy stage, and thus bring 
about some C-deposition and H|0-fonnation by thermal decomposition 
at the mono-hydroxy stage, and (6) hydrogenize the :CH residues so 
produced, and so counteract or even altogether suppress carbon-deposition. 
And such indeed is what actually happened. 

The potency of hydrogen-dilution in thus suppressing carbon-deposition 
in such hydrocarbon explosions is well illustrated by the results of a series 
of C1H4 + 0| + xH, explosions under pressure in which, while the 
partial pressure of the ethylene was kq>t constant at 10 atms., that of the 
hydrogen was increased in successive stages from 10 to about 40 atms. 
In no case was there any carbon deposition or acetylene formation; and 
from Table IV, in which = the initial pressure of the explosive medium, 
and P/ the hnal pressure of the cold gaseous products (in each case 
corrected for deviations from Boyle’s Law) it will be seen that while 
increasing excess of hydrogen participated progressively in the oxygen- 
distribution, it also prevented any carbon-deposition by converting ;CH 
residues into methane. 


Table IV— CjHi O* + xH, Explosions 


X in C,H 4 + O, + X H, 

P< atms 

P/ atms 

P//P< 


%of- 

(0 Original carbon as CH 4 
(ii) Origiiial O, as H,0. . . . 


2 4 6 

20 84 26 00 40-67 

29-41 29-43 46-20 

1-41 1-132 1-135 


7-65 22-4 26-9 

S 18 34 


8 

49-0 
43-0 
0 918 


43-5 

40 


(4) CjH* 4- 2N,0 and CjH* -f 2N,0 -f- 2N8 Explosions — this time 
it was becoming evident that carbon-deposition and steam-formation 
during diluted C*H| -f O, -f- xR and CiH* -f- O, + xR explosions are 
probably connected with the mean maximum flame temperature. For on 
calculating the latter, on certain reasonable assumptions regarding specific 
heats of products and the effects of radiation, dissociation, etc., it appeared 
that both the features referred to first became percq>tible when dilution 
had depressed the flame-temperature below a certain point somewhere 
between 1500 and 19(X)°, according as combustion may be deemed to have 
occurred under “constant pressure” or “constant volume” con- 
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ditions (or, as would appear more likely, intermediately*), and that they 
both increased pari passu with further reduction thereof. 

Thus, for example, if for comparative purposes an arbitrary temperature 
scale 10 to 30 be constructed such that each division is equivalent to some 
near fraction or multiple of 100°, according to the degree of approximation 
of the underlying assumptions to actuality, and if the calculated mean 
maximum temperatures attained in the explosions are set out thereon, 
as in fig. 2, it would be found that the points at which progressive dilution 
of either the C,H, + Oi or the + O* medium caused perceptible 
carbon-deposition or H,0-formation during the various explosions, as 
indicated by an asterisk in each case, would all fall between 18 and 21, 
thus : — 


3U 25 20 15 10 



X-O J 4 to , 8 



30 25 20 15 10 



C,H4 + 2N,0 C,H« + 2N,0 + N, C.H, + 2N,0 + 2N, 

Fio. 2— Temperature scale: (a) CtH, + O, + oc (Ar or He); (6) CiH, + Oi + orN*; 
(c) C,H 4 + O, + (Ar or He) ; id) C,H« + O, + jtN,. 

This being so, further calculation showed that whereas the mean tempera- 
ture attained in a CgH* -f 2N,0 explosion would be just over 20, that 

* Althouih the actual point cannot be calculated, because of its depending on 

certain unverifiable assumptions, it must Ik somewhere betwem the limits indicated, 
and probably neater the hisho' than the lower, because of the combustion probably 
occurring mem uiukr ** constant volume ” than “ constant pressure *’ conditions. 
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in a C,H 4 + 2N,0 + 2N, would fall well below 17, on the scale. Hence, 
if flame-temperature is the chief factor, it might be predicted that whereas 
neither carbon-deposition nor HiO-formation would be perceptible in 
the former, both would be observable in the latter explosion. And on 
putting the matter to an experimental test, such prediction was fulfilled, 
as will be seen from the results recorded in Table V. For whereas the 
former explosion yielded substantially carbonic oxide, hydrogen, and 
nitrogen only, in accordance with the equation : — 


CaH4 + 2N,0 - 2CO + 2H, + 2N., 


the latter yielded also material proportions of both carbon and steam. 
Hence it would appear that the chief factor in causing or promoting 
carbon-deposition or H,0-fonnation in such explosions is a lowering of 
the flame temperature by the diluent present. 

2— Photographic and Spectrographic Experiments 

(1 ) — Flame Speeds and Photographs — By means of a revolving drum 
camera, photographs were taken on a vertically moving film of explosion 
flames traversing horizontally some of the moist experimental mixtures 
in a closed cylindrical tube of Jena glass, 34 cm. long and 2-S cm. in 
diameter, after ignition by a condenser spark passed between platinum 
electrodes situated midway along the tube (fig. 3). 


c 

Fro. 3. 


Although, owing to the feebleness of their luminosities, difficulty was 
experienced in obtaining good photographs of some of the more diluted 
explosion flames, more especially with argon as the diluent, sufficiently 
readable records resulted to enable conclusions being drawn as to the 
relative speeds and other features of the flames. Again, owing to the 
violence of the undiluted, and the feeble luminosities of the mo^ diluted, 
explosions, it was not possible to obtain C|H| + O, -H jcR flame- 
photographs all at the same pressure; seeing, however, that the relative 
flame-speeds are not greatly afifected by considerable pressure changes, 
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this would scarcely invalidate the general conclusion. On the other 
hand, the moist C 1 H 4 + O, + xR mixtures were all fired at just below 
atmospheric pressure. 

The flame-speeds and total durations of luminosity (T.D.) deduced 
from the resulting photographs are shown in Table VI, and the flame- 



X- i * z 3 4 ♦ J 6 7 8 


Fu. 4— Mean flame speeds: (1) CiH, -f- 0| -I- xAr; (2) C|H| -f- 0| + xNi: 
C3) C,H. + O, -I- xN,. 

speeds are plotted against “ dilutions *’ in fig. 4. From the last named it 
be observed that in each case there was a marked break in the flame- 
deoderation by dilution at a point, indicated by an asterisk, which other 
features of the photographs associated with incipient aggregated carbon- 
separation. Indeed, we indine to consider sudi break in each flame* 
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speed curve as probably a surer criterion of incipient aggregated carbon- 
separation during explosions than any purely chemical data. 

Neither of the photographs of the undiluted CiH| + O, and C1H4 + O, 
explosion flames* showed any sign of solid carbon separation in the flame 
front, nor yet of carbon-steam reaction behind it. And the same applies 
also to those of the C,H, + Oi + 4-lAr, the C,H, + Oj + 3-2Nj, and 
the C8H4 + Oj 4- Na explosions (figs. 5, 7, and 9, Plates 4, 5, respectively). 

Table VI— Mean Flame Speeds and Total Durations of 



Luminosity 




Initial 

Mean flame speed 

Total 

Explosion 

pressure 

Over 1st 

Overall 

duraUon 


mm. 

5 cm. 

metres/sec. 

metres/sec. 

T.D. 

milliseconds 

•C,H, + 0 , . 

370 

333 

585 

- 

C,H, + 0 . 14 lAr 

572 

19-2 

16-3 

20 

C.H, + 0 , + 6-7Ar 

747 

41 

2-35 

113-5 

tC,H, + 0 , + 7<5Ar 

725 

2 9 

1 36 

167 5 

C,H, + 0, + 3-2N, 

435 

283 

23 6 

10-5 

C.H, + 0 . + 5 IN, 

540 

70 

3 0 

80 

C,H, + 0, + 6-2N, 

624 

4 0 

1 8 

137 

C,H, + 0 , 1 7- IN, , 

733 

11 

0 7 

331 

•C.H. + O, 

735 

55 

55 

7-7 

tC,!!, + 0 , H N, 

740 

9-5 

7-1 

34 5 

C,H, + 0 , + 2 2N, 

746 

2-15 

1-25 

168 0 

C.H, + 0 , + 2-9N, . 

759 

1-67 

0-75 
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♦ Already published, cf. Bone and Bell, ‘ Proc. Roy. Soc.,’ A, vol. 144, p. 264 (1934), 
t Indicates the dilution beyond which carbon deposition and water formation 
became visually evident. 


Biit at higher dilutions than those indicated by the asterisk in fig. 4 there 
were always signs of a uniformly diffused carbon-separation, both in the 
flame front and behind it, progressively increasing with the dilution, as 
shown in the photographs reproduced in fig. 6, 8, 10, and 11, Plates 4, S, 
which need no further comment. 

* These having been already published in * Proc. Roy. Soc.,’ A, vol. 131, p. 11 
(1931), are not reproduced here. 
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Spectrographic Evidence — Spectrograms of C^H* + Oi, C,H4 + Oj + 
iN„ and C,H4 + O, + 3Nj explosion flames, respectively, were obtained 
by exploding from 30 to 36 litres of each mixture at atmospheric pressure 
in a cylindrical nickel-steel bomb (explosion chamber 1 metre long, 5 cm. 
diameter, capacity = 1 litre) fitted at one end with a quartz window, and 
at the other with a blank plug and firing piece. The spectrum of »ch 
explosion flame travelling towards the quartz window was recorded by 
means of a Hilger E2 quartz-spectrograph fitted with a Cornu prism, and 
having a dispersion of 20 A. per mm. at 3110 A. the image of the flame 
being focussed by means of a quartz lens on the slit of the spectrograph. 

In considering the resulting spectrograms, it should be kept in mind 
that whereas neither chemical nor photographic tests had revealed any 
carbon-separation during either the C,H4 + Oj or the CgH4 Oa -hiN, 
explosions, it had been proved in the CaH4 + O, + 3N2 explosions. 

(1) Although in a first series of experiments, in which “ Ilford Special 
Rapid Panchromatic” plates, highly sensitive in the red region, were 
used, the resulting spectrograms (figs. 12, a, h, and c, Plate 6, m which an 
iron arc e is also included for reference purposes) showed well-marked 
C|-bands at 5630, 6190, and 6500 A. in the CaH4 + 0, and C8H4 -i- Oa + 
|Na explosion flames, and a continuous spectrum only, extending between 
3800 A. and 6600 A., in the CaHa 4- Oa -I- 3Na explosion flames, no 
HO — bands were observable in any of them. In (b) there was also a 
faint line at 4315 A., scarcely visible m the reproduction, possibly 
attributable to an incipient — CH band. From all this it is clear that, 
whereas some Ca-emitters had been formed in the CaHa -f O, and 
CaHa 4- Oj -f- iNa explosions, no aggregated solid carbon particles had 
separated out until the dilution of the explosive medium had reached the 
CaHa +Oa + 3Na ratio, thus confirming both the analytical and photo- 
graphic evidence. 

(2) In a further experiment with an undiluted CjHa + O, mixture, 
the flame-temperature of which would exceed 2(XX)° C., where, if any 
steam were primarily formed on explosion, HO — bands should be dis- 
cernible, “Ilford Zenith 650” plates, highly sensitive in the 2300 to 
4300 A. ultra-violet region, were employed. Yet although no fewer than 
36 litres of the CaHa -f- Oa mixture were exploded, no HO — bands 
appeared in the resulting spectrogram (d) which showed nothing more 
than the aforesaid line at 4315 A., again possibly attributable to an 
incipient — CH band. Hence the spectrographic confirms the chemical 
evidence regarding the non-formation of steam during the primary 
oxidation involved in an undiluted CaHa -|- 0| explosion. 
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Conclusions 


(1) From the combined chemical, photographic, and spectrographic 
evidence obtained during the investigation, it would appear that whereas 
there is neither HgO-formation nor aggregated carbon-separation during 
undiluted C,H, + O 2 or C,H 4 f Oj explosions, progressive dilution of 
the media by an inert gas beyond a point at which the mean flame- 
temperature falls well below 2000“ C. may induce both, the more so in 
CjHj -}- Oj than in CgHj + O, explosions, and with nitrogen than with 
either argon or helium as diluent. 

(2) Although there is no evidence of any primary HjO-formation, 
some “ Cj-emitters ” are undoubtedly form^ during an undiluted 
C,H 4 + O, explosion, but not in quantities sufficient to allow of any 
solid carbon-aggregation in the explosion flame, which indeed is only 
observable after considerable dilution of the medium with inert gas. 

(3) Any carbon separation or steam formation discernible in a sufficiently 
diluted C|H| + Oj or C 1 H 4 + 0 » explosion is a secondary effect prob- 
ably induced by the mean flame temperature having been reduced to well 
below 2000 “. 

Summary 

The paper deals with certain effects of dilution with inert gases (Ar, 
He, and N|) upon explosions of equimolecular mixtures of ethylene or 
acetylene and oxygen, i.e , C 2 H 4 + O, and CjHg -f- Oj which normally 
give rise to carbonic oxide and hydrogen, without any separation of 
carbon or steam-formation, in accordance with the equations: — 


and 


C,H 4 + O, =- 2CO + 2 H 2 , 

CjHj + Oj = 2CO -f H,, respectively. 


It is now shown by chemical, photographic, and spectrographic tests that 
sufficient dilution of such media, while not much affecting the main result, 
may induce some secondary carbon deposition and steam-formation on 
.explosion when the mean flame temperature is thereby reduced to a point 
well below 2000“ C., such result being probably due to the fall in flame 
temperature induced by dilution. 



Bone and Outridge 


Proc. Roy. Soc., A, vol. 157 , Plate 4 


CjHj 1 Oj I v(Ar or Nj) explosions 




Fk. 7— C,JI, I Oi I 3 2 Nj 












Bone anil Outridge 


Proc. Roy. Soc., A, vol. 1 57 , Plate 6 





249 


Optical aad Physical Effects of High Explosives 

By R. W. Wood, For. Mem. R.S., Professor of Experimental Physics, 
Johns Hopkins University 

{Received 25 June, 1936) 

[Plates 7 and 8] 

I— Plastic Flow of Metals 

My interest in the study of the effects produced by high explosives 
originated in the investigation of “ evidence ” in a number of murders 
by bomb, and more especially in connexion with a most unfortunate and 
unusual accident which resulted in the almost instant death of a young 
woman who, on opening the door of the house furnace to see if the fire 
was burning properly, was struck by a small particle of metal which flew 
out of the fire and penetrated the breast bone, slitting a large artery and 
causing death in 2 or 3 minutes from internal haemorrhage. The particle, 
which was not much larger than a pin-head, was submitted to me for 
identification, and though its form r^embled nothing with which I was 
familiar, I surmised that it was probably a part of a dynamite-cap or 
“ detonator ” used for exploding the dynamite charges in the mines, which, 
by some carelessness on the part of a miner, had been delivered intact 
with the coal. 

These detonators are spun from very thin sheet copper and consist of 
a tube about 5 mm. in diameter and 40 nun. in length. The head is 
formed into a shallow cup, as shown in cross-section in fig. 1, and the 
tube is charged with mercury fulminate and fired by an electrically heated 
wire. It seemed probable that the solid pellet of copper, recovered during 
the autopsy, had been formed in some way from the concave head of the 
detonator by the enormous instantaneous pressure developed by the 
detonation of the fulminate. 

I accordingly suspended one about 2 feet above a large earthenware 
jar holding about five gallons of water, pointing the head downwards. 
On firing the detonator the jar was shattered into a dozen or more pieces 
by the pressure wave exerted in the water by the passage of the small 
copper fragment (the head of the detonator) entering the water with 
three times the velocity of a rifle bullet, just as a milk can filled with 
water is burst open when the bullet of a high powered rifle is fired through 
it. The minute fragment of copper which was found in the ruins of the 
jar matched perfectly the fragment found during the autopsy but bore 
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no resemblance to the original head of the detonator which is about the 
size of, and resembles closely the cap of, a shot-gun shell after it has been 
indented by the firing pin. It was a pear-shaped pellet of copper, sur- 
rounded at the middle by a skirt of thin copper of a diameter considerably 
less than that of the original head of the detonator. This looked interest- 
ing, and a study of exploding detonators was commenced with a view of 
finding out how the forces operate to mould this solid pellet. 

A stereoscopic photograph, made with a low power binocular micro- 
scope, of one of these pellets is reproduced on fig. 4, Plate 7. This one 
was arrested by firing the head of the detonator along the axis of a cylin- 
drical paste-board tube filled with cotton, diaphragmed with thin paper 
disks every two inches, the pellet being searched for in the cotton lying 
between the last disk perforated and the 
next intact disk. As the pellet, which starts 
off with an initial velocity of about 6000 
feet per second, penetrates the cotton it 
gathers a tightly wadded ball of cotton 
around it as it advances, spinning its own 
cocoon, so to speak, and is thus protected 
from friction against the matter through 
which it is passing. 

A photograph of this wad of cotton, 
protruding through the paper disk, is re- 
produced on fig. 5, Plate 7, with 
one of the copper pellets lying on its 
summit to show the comparative size. The neck of the pear- 
shaped pellet was in part covered with the thin film of red lacquer, which 
had originally covered the exterior of the detonator, proving that the 
base of the pear had formed itself on the inside. My first theory was 
that the cup-shaped hollow had been squeezed around, forming a hollow 
ball, but the pellet was found to be solid by slow solution in nitric acid 
with frequent examinations. Further examination of the pellets indicated 
ihat the base of the pear had been built up by a plastic flow of the surface 
layers of metal on the inside of the detonator, the radial lines of flow on 
the inside of the skirt being closely visible with the microscope, which 
showed also that the thickness of the skirt was much less than that of the 
original shell of the detonator. It was less easy to see how the neck of the 
“ pear ’* had been formed, since it had been pushed out forwards at the 
centre of the head of the detonator where the cup-shaped cavity was 
deepest. In some cases the neck of the “ pear ** tapered to a sharp point 
as i^own at 0 in fig. 8, Plate 7, in which case the neck and skirt had been 
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bent sharply downwards, probably by some small obstruction in the 
cotton (a shred of copper, perhaps, from a previous shot). The base of 
the pear, formed by plastic flow, is marked b in this figure. I formed 
the hypothesis that the formation took place as follows ; the horizontal 
components of the pressure (normal pressure indicated by arrows in 
fig. 1) caused a radial contraction of the cup as it flattened out, resulting 
in an extrusion at the centre on both the inside and outside as shown at b, 
fig. 1 . Piled up on this came the plastic flow on the inside, which gradually 
covered up the extruded knob at the centre, as shown by c, d, and e. 
This hypothesis was proved by experiment as follows. 

Through the courtesy of Dr. W. E. Lawson of the Du Pont Experiment 
Station, detonators were prepared with reduced charges of varying amount. 
In this way I obtained pellets in the vanous stages of formation shown in 
fig. 1. A Stereoscopic photograph of the stage shown at c, fig. 1, is 
reproduced in fig. 6, Plate 7, in which the plastic flow has about half 
covered the central extrusion. 

The radial contraction was proved as follows. I had a number of 
detonators prepared with circular grooves engraved on the head, as shown 
in fig. 9, Plate 7. With a light charge of fulminate the fragment shown 
in fig. 10, Plate 7. was recovered showing a marked contraction of the 
rings. A heavier charge gave the fragment shown by fig. 11, Plate 7. 
Here the extruded neck of the pellet appears at the centre, its height being 
indicated by the length of the shadow, while the inner ring has contracted 
to half its original diameter, and is wrapped closely around the base of 
the “ peak ”. 

So far as I have been able to find, from conversations with the techmcal 
staff of four large Explosive factones, the formation of the solid pellet of 
copper has not been noticed, and this transformation is the probable 
explanation of why the dent in the head of the detonator increases 
its efficiency, as was found by the increased penetration in the lead plate 
test, which has been generally accepted as the test of efficiency. So far 
as I have been able to find, no comparison test between dented- and flat- 
headed detonators has been made, in regard to their ability completely to 
detonate a dynamite stick. The deeper penetration of the lead is due 
obviously to the impact of a solid copper projectile instead of a thin disk of 
sheet copper. 

Detonators were fired from various distances against various obstacles, 
and it was found that the pellet of soft copper penetrated a block of steel 
to a depth of ^ in. Fired against a sheet of paper it was shown that the 
soUd p^t was accompanied by sonie 60 or 70 smaller fngments all 
travelling in the same general direction, each one of which moving with 
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such a velocity that its impact on a brass block caused a “ crater ” with 
a raised rim, as though the metal had actually been melted by the heat 
generated by the impact. Subsequent experiments showed, however, that 
we are probably dealing with a plastic flow of the metal under a high 
instantaneous pressure.* 

In lateral directions the shower was made up of some 800 minute copper 
fragments, as was shown by surrounding the detonator with a large paper 
cylinder. Each one of these was capable of producing a " nick ” on a 
glass surface, while the larger fragments caused white spots half an inch 
in diameter made up of hundreds of intersecting cracks which extended 
half-way through the sheet of plate glass, which had been mounted at a 
distance of two feet from the detonator to protect the lens of the camera 
used in photographing the flash of the explosion. 

Fired against a brass block, the “ crater ” made by the pellet of copper 
was much larger than the pellet and about one-quarter of an inch in 
depth, and the walls were smooth and highly polished. Around the rim 
of the crater were three concentnc circular ridges of raised metal (fig. 
7, Plate 7), the wave pattern resembling the one described by Dr. Charles 
E. Monroe in 1888 for a gun-cotton cylinder exploded under water on a 
block of steel. 

In his case there were some six or eight concentric ripples in the steel 
around the edge of the circular depression made in the metal by the 
exploding cylinder. Dr. Monroe was unable to account for the formation 
of these ripples, and no explanation has ever been offered so far as 1 
know. In one case the pellet was found attached to the brass block, one 
side of the “ skirt ” quite firmly welded to the brass with the “ pear ” 
lying within the crater. On prying off the “ skirt ’* concentric ripple 
marks were found on both surfaces, those on the copper being casts of 
the ones on the brass. In the photograph, fig. 7, they appear only on 
one side, and frequently they arc not present at all. It appears to me 
that they form only at the interface between the two metals where they 
are pres^ together by the force of the detonation. 

‘ Surrounding the mam crater were many small craterlets made by 
minute shreds of copper, each one resembling the mark left by throwing 
a small pebble into very soft mud, one of which appears at the bottom of 
fig. 7. The metal appears to flow like a liquid under the terrific impact, 
without having its temperature raised to the fusion point. Another 
detonator was fired against a large flat file of hard steel and the copper 
pellet penetrated to a depth of^V‘"* breaking the file in two. Fired 

* No trace of luminosity was seen or photographed at the point of impact of the 
pdlet on a brass block. 
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against an old telephone directory, the pellet from a mercury fulminate 
detonator penetrated 500 pages, while two superposed directories were 
required to stop one from a detonator charged with lead azide and tetryl, 
the pellet going through 1200 pages. 

II — The Secondary Flash of Detonation 

One of the most astonishing effects exhibited by all high explosives is 
the enormous velocity with which the reaction which we call “ detonation ” 
is propagated, over four miles per second for the case of nitrogylcerine 
in a glass tube. 

Experiments on the velocity of detonation were made in this country 
by Perrot and Gawthrop,* photographs being taken of the flash of the 
detonation of bars of explosives on a photographic film in rapid motion. 
The velocity of detonation was deduct from the obliquity of the image 
on the film. One interesting effect noted was the increased luminosity of 
the flash at the centre of the bar when the explosion was started simul- 
taneously at both ends. More accurate results were obtained in the 
following year in England with an improved apparatus by E. Jones, t who 
published in the Proceedings of the Royal Society a remarkable set of 
photographs obtained by detonating long cylinders of various high 
explosives behind a very narrow slit in a steel plate, reinforced by a 
backing of armour plates in step-wise formation. The duration of the 
actual “ flash ” of detonation was extremely brief, of the order of 
1 /400,000 of a second, but the most remarkable effect was the apparent 
circumstance that after the first brief flash there was a period of darkness, 
followed by a second much brighter flash of much longer duration. This 
secondary flash was usually recorded as three flashes occurring in rapid 
succession and the photographs indicated that it was formed by gaseous 
products of the detonation which had passed through the narrow slit and 
impinged on the steps of the armour plate which were three in number. 

More recently Payman and Woodhead photographed the explosion of 
detonators, taken by the “ Schlieren-methode ”t of TOpler, in which 
instantaneous photographs arc taken, by the flash of an electric spark, of 
the flying debris, expanding gases, and the sound waves which accompany 
the larger particles of copper, similar in form to that of the waves accom- 
panying bullets in flight, or the bow wave of a rapidly moving ship. 
From the angle made by the two branches of the wave generated by the 
“ head ” of the detonator, they calculated that its velocity varied from 
• * J. Franklin Inst.,’ vol. 203, pp. 103, 387 (1927). 
t ‘ Proc. Roy.’Soc.,’ A, vol 120, p. 603 (1928). 
t • Proc. Roy. Soc.,’ A, vol. 132, p. 200 (1931). 
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3000 to 6000 feet per second, depending on the nature of the explosive. 

Other observations of the secondary flash have been recorded; for 
example, a very brilliant burst of luminosity half-way between two parallel 
cylinders of high explosive detonated simultaneously, and a brilliant 
flash on the surface of a metal plate facing the muzzle of a steel tube at the 
centre of which a detonator was exploded. 

The cause of this secondary flash is somewhat obscure, various theories 
having been advanced such as heat of compression, dust in the air, 
undecomposed portions of the explosive project^ against the obstacle, etc. 

It seemed probable that some light might be thrown on the phenomenon 
by a spectroscopic study of the primary flash of detonation and the 
secondary flash which followed it. 

Experiments were commenced with fulminate of mercury, placed at my 
disposal through the kindness of Dr. Lawson. This substance, like most 
high explosives, can disintegrate in two quite different ways. Ignited in 
the open air, if the quantity is not too large, it goes off in a flash of yellow 
flame making no sound save a dull “ thud ”. This type of explosion is 
called deflagration. If, however, the substance is confined, “ detonation ” 
occurs as soon as the pressure reaches a certain critical value, and we have 
a shattering explosion which pulverizes everything in its vicinity. Placed 
in a vacuum tube and heated well above the ignition temperature, nothing 
happens save a slow decomposition unattended by either light or noise. 
L«id azide, however, detonates readily in a vacuum tube, shattering the 
glass in its immediate vicinity, but not breaking the rest of the tube, a 
phenomenon which dispels the old idea that the so-called “ downward ” 
effect of high explosives was due to the fact that the atmosphere acted as 
“tamping”. Photographs made of exploding fulminate of mercury 
detonators showed that little light was emitted during detonation in 
comparison to the brilliant flash of deflagration, but it seemed possible 
that the flash was over before the copper tube gave way, and as a suitable 
source of the light of detonating fulminate was required. For the spectro- 
scopic work the material was packed in a thick-walled capillary glass tube 
(7 mm. diameter, 1 mm. bore) closed at the bottom and fired at the top 
by an electrically heated wire. A photograph of the explosion showed 
tl^t detonation commenced at a distance of about 6 mm. from the top of 
the tube, the material near the open end deflagrating. This is clear from 
fig. 18, Plate 8. The extensive and very brilliant flash above the tube is 
due to the deflagration of the comparatively small amount of fulminate 
in the first few millimetres of the tube. The remainder of the tube is 
seen to be filled with light and the thick walls are in the act of breaking 
up, for they are traversed by fine cracks. 
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It is evident that the intensity of the light given out when detonation 
occurs is very much less than for deflagration; this circumstance was 
more clearly evident in a photograph of an exploding detonator in which 
case the amount of material is perhaps twenty times as great as that in the 
glass tube. The photograph showed only a very feeble luminosity of 
the products of the detonation, though of course the luminosity of the 
material before the copper shell burst was undoubtedly greater. 

As it seemed possible that the luminosity in the glass tube might have 
been due to the reflexion, from the cracks, of the light of the deflagrating 
material at the top, imprisoned within the glass by total internal reflexion, 
a tube was prepared with the top and upper half painted with black 
shellac. 

No difference appeared in the photograph of the detonation except that 
the upper portion of the tube was not recorded. It is to be noticed that, 
in the glass tube, no luminosity appeared outside of the wall, which shows 
that the radiation of light is practically over by the time the pulverization 
of the tube is complete. 

The very uneven distribution of the luminosity of the detonating 
fulminate appeared to be due to the opacity of totally reflecting cracks in 
the glass wall of the tube, but to make sure of this I prepared a tube in 
such a way that a cylinder of fulminate in air could be detonated. A 
capillary tube open at both ends was filled to a depth of 1 cm. with ful- 
minate crystals, rammed down lightly with a thin glass rod, the bottom 
being temporarily closed with the finger. A drop of water containing a 
trace of gelatine (hardly enough to cause it to “ jcl ” when cold) was 
applied to the bottom of the tube, and renewed until the fulminate was 
completely moistened. The glass rod was then pushed down until an 
8 mm. rod of wet fulminate had been extruded. The tube was then 
placed over a steam radiator for an hour to dry. It was then filled to 
the top with dry fulminate rammed down as before. A very remarkable 
phenomenon appeared in the photograph made when the tube, supported 
by a stiff wire over a glass plate IS mm. below the end of the cylinder, was 
fired by an electrically heated wire at the top. The protruding cylinder 
was sharply outlined by the light of its detonation, and faint wisps of 
luminosity were seen projecting from it. Immediately below the cylinder, 
resting on the plate, there appeared a self-luminous phantom in the form 
of an urn or vase with a very brilliant cover. It was supported on a 
nebulous patch of luminosity Wt was itself as sharply outlined as if made 
of glass. It was repeatedly obtained, the ratio of its height to its diameter 
depending on the distance between the plate and the end of the fulminate 
cylinder : as the latter was diminished the vase flattened finally becoming 
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more like a saucer. Fig. 13, Plate 8, is a r^roduction of an especially 
good photograph of the phenomenon, and the one which finally gave me 
the explanation of the apparent “cover” of the vase, which here is 
dearly seen to be the rim of the urn turned over into what appears to be a 
vortex ring, which seen edge-on appears more luminous than the rest of 
the structure. 

The structure of the urn, as it appears in the print, is as shown by fig. 2, 
though the vortex may not come out clearly in the reproduction. That 
such a sharply outlined structure of luminous gas could form and record 
itself photographically by its own light in the commotion of a shattering 
explosion seems very surprising. If there was no protruding cylinder of 
fulminate, no trace of the urn appeared, only a shallow pool of luminosity 
on the plate. With a cylinder of greater length the turned-over rim appeared 
fragmented, as shown by fig. 15, Plate 8. A short cylinder of fulminate, 
prepared as before described by pushing it out of a tube, was supported by 
a fine wire (attached by a droplet of glue) immediately 
above the plate. This was to ascertain whether the pro- 
duction of the urn required the detonation of the glass 
P— tube in addition to that of the protruding cylinder. Since 
2 electrically heated wire would merely deflagrate the 

fulminate under these conditions, the cylinder was capped 
with a small drop of lead azide made into a soft paste with water. The 
wire was brought into contact with the azide which was dried rapidly by 
hot air rising from a lamp bulb placed below it. The room was then 
darkened, the camera lens opened, and the cylinder fired. The photo- 
graph, reproduced in fig. 16, Plate 8, shows that perfect detonation of 
the fulminate cylinder took place. The um formed but no trace of the 
cover appeared ; in other words, the rim does not turn over into a vortex in 
the absence of the simultaneous explosion of the glass tube. This experi- 
ment was also repeatedly performed, always with the same result. 

Fig. 17, Plate 8, was made by placing a thin wafer of lead azide on the 
glass plate immediately below the cylinder of fulminate, its detonation by 
the impact of the explosion changing the form of the um, abolishing the 
turned-over rim, and giving it a filamentous structure. 

It must be clearly understood that all of these photographs were 
made in a totally dark room by the light of the detonation. 

Experiments, which I shall describe presently, showed that the spec- 
trum of the “ urn ” was the bright line spectrum of deflagrating fulminate, 
while that of the cylinder was the continuous spectrum of detonation. 

I then decided to try to capture some trace of the material shot down 
onto the plate, which appeared to be instrumental in forming the um. 
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The rim of a wide-mouthed bottle was greased and the bottle filled 
with water, heaped up above the edge so that the level surface could be 
photographed alge-on. This was substituted for the glass plate below 
the fulminate cylinder, and the tube detonated. The resulting photograph 
is reproduced in fig. 15, Plate 8. Though not so brilliant as with the glass 
plate, the “urn” is there with its cover, which shows that matter moving 
with the velocity of the products of detonation does not know whether 
it is striking glass or water. The water showed no trace of any solid 
matter suspended in it, even with a beam of concentrated sunlight. Not 
much of the water was scattered, but it is of course possible that only a 
thin surface layer contained trapped material and that this layer was blown 
away. This experiment should be repeated under conditions providing 
for the capture of all of the water. 

Most of these experiments were repeated with lead azide, which is much 
more treacherous than the properly prepared fulminate. I made my 
first samples in very small quantities by the usually described method of 
precipitating it from a solution of sodium azide in warm water (slightly 
acidified with nitric acid) by means of lead acetate, washing the precipitate 
in a large volume of water, filtering and allowing the semi-fluid mass on 
the filter paper to fall a drop at a time on blotting paper, each drop 
splashing out to a disk about a centimetre in diameter. After drying, 
the blotting paper was cut up, with a thin wafer of the azide on each piece. 
These wafers could be detached intact if handled carefully with a slip of 
stiff paper. It is well to keep the fingers always at a distance of several 
inches from even these small quantities, as the detonation pressure in 
their immediate vicinity is terrific. The wafers were about as thick as 
writing paper, but one of them laid on a plate of glass and detonated 
blew a round hole through the glass without, however, breaking up the 
plate. A small pile of the material the size of a match head on a piece 
of rather thick glass blew a circular hole through it of the same diameter 
as the pile of explosive, exactly similar in appearance to the hole made by 
a small high velocity bullet: clean cut on one side, spread out into a 
crater on the other side, with not a single radiating crack. Prepared in 
this way and handled carefully, I do not believe there is much danger, 
though the explosive experts all say that “ home-made ” azide is very 
risky material, as sometimes large crystals form, which detonate on the 
slightest provocation. Most of my experiments were made with material 
supplied by Dr. Lawson, though for some experiments I found the thin 
wafers more suitable than the fine powder, which was, of course, kept 
under water. It is usually stated in books on explosives that lead azide 
never deflagrates, but always detonates. 1 have found, however, that 
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this is not so. If one puts the slightest trace of gelatine in the water, to 
act as a binder, detonation does not occur when the material is fired 
in the open. Deflagration also occurs, even in the absence of gelatine, if 
the powder is not bone dry. The pasty material supplied to me, on drying 
fell into a fine powder. This powder had to be exposed to the air for 
ten or fifteen minutes longer before detonation would occur, the material 
burning like gunpowder. Even after thorough drying, an exposure 
of several days to the air brought it into the condition in which only 
deflagration occurred. Apparently the chain reaction which is supposed 
to account for detonation, is blocked by the slightest surface film, gelatine, 
water, or some decomposition product. I found also that freshly dried 
material, which invariably detonated when touched by the flame of 
burning paper, merely deflagrated when the flame came from deflagrating 
azide. In this case it seems probable that lead vapour from the latter 
forms a protective coating on the crystals of the former before the 
temperature reaches the point necessary for decomposition. 

Ill— Spectra of Deflagration and Detonation 

The spectroscopic investigation of these exploding materials is attended 
with unusual difficulties, as many of them will not detonate except when 
confined, in which case we have a shower of flying fragments. 

The deflagration spectrum of mercury fulminate was obtained by 
firing a number of small charges in succession on a brass block mounted 
at such a distance from the spectroscope that the image of the entire 
flash was projected on the slit. In this way the character of the spectrum 
from the point of ignition to the top of the flame was recorded. The 
spectrum, reproduced on fig. 19, Plate 8, shows that the mercury lines 
and cyanogen bands appear only at the base of the flame, while the 
calcium lines originate a little higher up (see especially the lines at the 
left of Hg 4358), and extend to a much greater height, while the D lines of 
sodium extend upwards to the tip of the flame. The calcium probably got 
into the fulminate from the tap water during the process of manufacture. 
It could not be removed by repeated washing with distilled water. 

The spectrum of the 3883 band of cyanogen was obtained with our 
large 3 metre concave grating by firing about 20 shots of fulminate in 
front of the slit in the same manner. It is reproduced in fig. 12, Plate 7, 
in coincidence with photographs of the same band from a vacuum tube 
and the carbon arc. 

It was not easy to get the spectrum of detonating fulminate on account 
of the small amount of light 
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It was secured by employing a prism spectrograph equipped with a 
F2 photographic objective and focussing the image of the char^ capillary 
glass tube on the slit before detonating it, protecting the lens from the 
shower of minute glass fragments by a sheet of plate glass, the surface of 
which was found to be covered with hundreds of minute pits after the 
explosion. 

A single shot gave a considerably under-exposed continuous spectnun 
with the two mercury lines, but no trace of the very strong cyanogen 
bands which were present in deflagration. 

Lead azide was next prepared and investigated. Work with this sub- 
stance is very hazardous as it is liable to crystallize after preparation and 
detonate on the slightest provocation. A comparatively safe type is 
prepared for detonators by a special technique. A “wafer” of the 
substance, prepared as previously described, was broken up into small 
fragments which were detonated in succession by bringing them into 
contact with an inverted A of platinum wire heated to just below a dull 
red by an electric current. The sharp fork of the A was focussed on the 
slit by a lens and the small fragments of azides detonated by lifting them 
on the tip of a slightly moistened wire and touching them to the top of 
the A. 

Before adopting this method, I tried a small metal plate heated by a 
flame, but the detonation extinguished the flame and bent the plate out of 
the correct position. 

A very satisfactory spectrum was obtained with 30 shots. As with the 
fulminate, the spectrum is continuous with two very bright lines, one of 
lead, the other of calciiun, fig. 20, Plate 8. 

The deflagration of lead azide was obtained in the same manner as 
that of the fulminate, employing material which had been brought into 
the proper condition as before described. The spectrum, in coincidence 
with that of iron, is reproduced in fig. 23, Plate 8. 

It consists of the lead line 4058 and the bands of lead oxide. An 
attempt was now made to gather some information about the “ secondary 
flash” by means of the spectroscope. A short cylinder of mercury 
fulminate, capped by lead azide as previously described, was sharply 
focussed on the slit of the F2 spectrograph and detonated. A camera had 
been placed at such a distance as to give an image of the detonating 
cylinder of the same size as its spectral image. The two photographs 
(enlarged sixfold) are reproduced as negatives side by side in fig. 21, 
Plate 8, and show that the detonating cylinder gives a continuous spec- 
trum, while the fainter flames which issue from its lower end give the 
bright line spectrum of deflagration. Fig. 16, Plate 8, gives a better idea 
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of the appearance of the detonating cylinder than the black smudge of 
fig. 23. 

The inference from this photograph is that either imdecomposed 
fulminate is thrown off from the detonating cylinder and immediately 
deflagrates, or that we have a two stage reaction, the products of detona- 
tion subsequently deflagrating. The comparatively small amount of 
light given off, however, inclines one to adopt the first hypothesis. It 
seems possible that some of the crystals may be in such a state (surface 
layer of some impurity, for example) that they cannot take part in the 
chain reaction of detonation. 

A second spectrogram was taken of the detonation of the glass capillary 
with its protruding cylinder of fulminate, and the luminous “vase ” 
which appears below it when the detonation products strike a glass plate. 
The spectrum of the “ vase ” and the luminous mass on which it rested 
was similar to that of the flame jets which issued from the detonating 
cylinder, namely the deflagration spectrum. The secondary flash of lead 
azide was next investigated. 

A drop of very soft azide paste was allowed to dry on the top of a brass 
cylinder, giving a smooth hemispherical pile of the crystals. The detona- 
tion flash was photographed with a camera so placed as to view the surface 
of the cylinder foreshortened to a line, and the resulting picture showed 
the azide hemisphere brilliantly luminous and very 

H sharply outlined, but with no trace of any luminous jets 
such as appear with fulminate. The upper surface of 
the cylinder, however, appeared to be covered with a 
very shallow layer of luminous vapour, which, I imagine, 
Fio. 3. can be considered as the secondary flash, and seems 
to show that the detonation products shoot out radially 
from the centre of the explosion as indicated in fig. 3. 

The azide was detonated by an electrically heated wire applied at the 
top of the hemisphere, and it seems possible that the minute crystals in 
the lower layers may have been shot out laterally over the surface. It 
jseems more probable, however, that the light can be considered as the 
secondary flash produced by the impact of the detonation products on 
the solid surface. No luminosity appeared in the region over the heap of 
azide. The spectrum of the detonation and secondary flash was secured 
by sawing out a rectangular gap in a piece of thick sheet brass, as indicated 
by the small diagram at the right of fig. 22, Plate 8. The azide crystals 
were piled on a small piece of very clean and highly polished aluminium 
on the lower surface as indicated. An image of the gap and the region 
immediately below it was formed on the slit of the F2 spectrograph and 
the azide dkonated. 
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The Zeros of the Rkmann Zeta-Function 

Fig. 22, Plate 8, is a reproduction of the resulting spectrogram, in 
point-to-point coincidence with the diagram of the gap. The detonating 
pile of azide crystals gives a continuous spectrum similar to fig. 20, the lead 
and calcium lines traversing the gap in the brass plate. The lead line is 
enormously broadened by the density of the vapour and pressure. The 
spectrum of the secondary flash is the continuous band at the top, inter- 
rupted just over the lead line by the absorption of the vapour. This is 
not very striking in the enlargement, but it was verified by numerous 
rq>etitions of the experiment and was very clear on the original negatives. 
The spectrum below the surface on which the azide detonated is that of the 
vapour which was blown down over the front surface of the brass block, 
and is chiefly that of aluminium, the lines 3944 and 3961 and the oxide 
bands being very conspicuous. It will be of interest to repeat the experi- 
ment of the lead azide hemisphere on the brass block in a high vacuum, 
as the “ tamping ” action of the atmosphere will be eliminated. 


The Zeros of the Riemann Zeta-Function 

By E. C. Titchmarsh, F.R.S, 

{Received 20 July, 1936) 

In my previous paper* I described calculations which show that all the 
zeros of ^ (s), where s~ a + it, between t — 0 and t = 390 lie on the 
line = i- With the help of a Government Grant, these calculations have 
now been carried as far as t = 1468. The number of zeros up to this 
point is 1041, and they all lie on the line o = T 

I have to thank Dr. L. J. Comrie for planning and supervising the 
calculations, which were carried out with Brunsviga, National, and 
Hollerith machines. 

The main results of the calculations are contained in a table giving the 
values of the function i /(t) == i i;(i -H 27t/T), where t — //(2Tt), 
defined in the previous paper, for <c = 90, 90 -5, 91, . . . to « = 520-5. 
The corresponding range of t is roughly 58 -6 to 233-7. There is also a 
table giving t, to five decimals, as a function of k, for the above values of 


• • Proc. Roy. Soc.,’ A, vol. 151, p. 234 (1935). 
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K I a tabic of five-figure values of the function h (S) (see paper 1, p. 235), 
and a table of four-figure values of cos 2nx at intervals O'OOOl. 

The following is a specimen of the main table : — 


V X = 434 434-5 

1 0-9259 8-9270 

2 9 9360 9-5284 

3 9-4294 0-2370 

4 9-5082 0 0553 

5 9-5698 9-9741 

6 0 0985 0-3891 

7 9-9122 0-2144 

8 0-0950 0 2879 

9 0-3178 0 2209 

10 0-1135 0-2230 

11 9-7499 9-8114 

12 0-2727 0-2485 

13 0-2405 0 2536 

14 0 2645 0-2652 

— 0-4339 0 6358 


435 435-5 436 

0 9281 8 9292 0-9302 

0 7070 9-5074 9-9649 

0 4441 9-5257 9-8095 

0-4996 0 0148 9-5025 

0-4132 0 2971 9-7815 

0 3086 9 9335 9-6218 

0-3748 0-2870 0-0088 

0 3529 0-2609 0-0525 

0 0611 9 8836 9 7393 

0-2945 0 3159 0 2832 

9-8902 9-9791 0 0701 

0 2144 0 1716 0 1218 

0 2640 0-2715 0 2760 

0-2657 0 2662 0 2666 

5 0182 9 6435 0 4287 


The entries in the first fourteen rows are the values of the numbers. 


«, — v~l cos 2 n (k — T log v) ; 

but i g (v), the first remainder term m the Riemann-Siegel asymptotic 
formula, has been added to the first row (which would otherwise be ± 1). 
Negative numbers are shown with 10 added to them. Since the a, all 
lie between — 1 and 1 , this does not lead to any ambiguity. The last row, 
which may be taken as accurate to three decimals, is the resulting value 
of i/ ( t). The values of t corresponding to the above k arc 201 -59583, 
201 -78427. 201 -97267, 202-16105, 202-34939. 

In the great majority of cases it is found that has the same sign as 
(— If*, and hence that Kii + 2itiT) has a zero between values of t corre- 
sponding to successive values of k. 

In the above specimen, the signs of/fr) are +, -I- ■ It follows 
that / (t) has a zero in each of the last two intervals. For the first two 
intervals the calculations are so far inconclusive. However, the large 
positive value at k = 435 suggests that /(t) may be increasing at 
K ~ 434 - 5, and so may become native Just to the left of this point. And, 
in fact, by an independent calculation I find that at t = 201 -72, i.e., 
K = 434*32948, we have i/(T) = — 0-09. Hence there are two zeros 
between 434 and 434-5. 

Of the values of i/(T) given in the table, all but forty-three have the 
same sign as (— 1)**. In each of the exceptional cases the value of i/(T) 
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at an additional point has been calculated. In each case it is found that 
the absence of zeros in one interval is compensated for by the occurrence 
of two zeros in one of the adjacent intervals. The departure from Gram's 
law [see paper 1, § 7) is therefore still very slight. 

The successive maxima and minima of i / (t) vary considerably in 
absolute value. The greatest value of i/C-r) so far noticed is 5 *2, at 
K = 481 • 5. In the neighbourhood of /e — 497 • 5 there is a minimum value 
of about — 0-01. In this case Theorem 2 of paper 1 is not sufficiently 
accurate to determine the sign, and the next term in the Riemann-Siegel 
asymptotic formula has to be used. 

The encouragement which these calculations must give to believers in 
the Riemann hypothesis is obvious. But there are still some features of 
the table with which believers in the contrary hypothesis might console 
themselves. In the main, the results are dominated by the first term a^, 
and later terms more or less cancel out. Occasionally, as at <( = 435, all, 
or nearly all, the «, have the same sign, and/(T) has a large maximum or 
minimum. As we pass from this to neighbouring values of k, the first few 
x, undergo violent changes, while the later ones remain comparatively 
constant. It is conceivable that if t, and so the number of terms, were 
large enough, there might be places where the smaller slowly varying terms 
would combine to overpower the few quickly varying ones, and so prevent 
the graph from crossing the zero line between successive maxima. The 
fourteen or fifteen terms occurring in the table are hardly enough to test 
this possibility. 

There are, of course, relations between the ol, which destroy any too 
simple argument of this kind. The Riemann hypothesis may be said to 
be that there is some relation, at present hidden, which prevents the 
suggested possibility from ever occurring at all. 

Summary 

Calculations are described which show that the Riemann Zeta-function 
has 1041 zeros between r = 0 and r= 1468, all on the line ct= 
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Viscosity of Liquid Sodium and Potassium 
By Y. S. Chiong, Ph.D., China Foundation Research Fellow 
(Communicated by E. N. da C. Andrade, F.R.S. — Received 1 1 March, 1936) 

1— Introduction 

According to the theory of liquid viscosity put forward by Professor 
Andrade,* the viscosity of a liquid is closely connected with the character- 
istic frequency of vibration, and the temperature coefficient of viscosity 
obeys an exponential formula involving an internal energy coefficient. 
It appears that, for comparison with theory, viscosity data for element- 
ary substances like liquid metals arc specially desirable. Hitherto, 
viscosity measurements have been largely confined to organic liquids, 
while for liquid metals, with certain notable exceptions,t viscosity data 
have been scanty and discrepant. The work described below was under- 
taken with the view of supplying some of the data which are needed. 
Sodium and potassium were chosen for the measurement on account of the 
simplicity of both their atomic structures and of their crystal form. They 
also have the advantage that the viscosities of the other three alkali metals 
— lithium, rubidium, and caesium — are also accessible to measurement, 
the melting points lying within an easily-realized temperature range,} 

Owing to the fact that these metals oxidize very quickly in the presence 
of even a slight trace of air, the sphere§ method, in which the liquid is 
enclosed in a sphere and its viscosity found by observing the damping of 
the oscillations about a vertical axis, is specially suitable for the purpose. 
This method, as lately developed by Professor Andrade and the author, 
has proved capable of an accuracy probably as great as that of the standard 
methods. It is simple in manipulation, renders temperature control easy, 
and does not involve the corrections involved in capillary tube methods. 

2 — ^Apparatus 

The suspcnsion§ was a bililar one, and, in order to obtain a pure rota- 
tion free from any swing, a special mechanical arrangement for starting 
the oscillation was adopted. 

• “Pha. Mag,’ vol 17, p. 497; p. 698 (1934). 

t Eg., mercury (Koch, ‘Ann Physik,’ vol. 14, p. 1 (1881); Pluss, ‘Z, anorg. 
Chem.,’ vol. 93, p. I (1915); tin (Stott, ‘Proc. Phys. Soc.,’ vol. 45, p. 530; Lewis, 
* Proc. Phys. Soc.,’ vol. 48, p. 102); and gallium (Spells, ’ Proc. Phys. Soc.,’ vol. 48, 
p. 299 (1936) ) 

$ Measurements on these metals are now being carried out in the Physics Labora- 
tory of University College, London. 

^ Andrade and Chiong, ' Proc. Phys. Soc ,’ vol. 48, p. 247 (1936). 
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The bifilar suspension is made of a single wire, the loop of which carries 
a wheel W pivoted on a frame. The wire is fixed to the frame in the 
method described in the earlier publication. This frame is joined through 
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rod, and secondly, to provide an outlet for air when we wish to work with 
the bulb exhausted, in order to find the external damping. The whole 
suspension is in a vacuum-tight enclosure, as shown in fig. 1. This con- 
sists of a glass tube GG, a metal box ZZYY inside which hangs the 
connecting rod TT, together with the inertia pieces, and the pyrex tube PP 
which encloses the sphere The metal tube on top of the box is provided 
with two small glass windows standing at right angles to each other. 
Light entering the side window C after being reflected by the mirror M 
comes out at the front window, where observation is made. The tombac 
bellows EE are used to take the weight off the suspension wire when 
desired, by raising up the lower plate LL to meet Ae flange J. Long 
metal screws, shown in the diagram, prevent the bellows from collapsing 
when the system is evacuated. The evacuation was carried out with a 
mercury vapour pump, suitably backed, and the vacuum produced was 
estimated to be about 10' mm. of mercury, or less. 

The sphere hangs inside the pyrex tube PP, leaving a clearance of about 
3 mm between its equator and the tube. Q is a thick copper disk, 
blackened all over except its upper surface, upon which a piece of chro- 
mium-plated copper foil is placed. The disk rests upon small projections 
from the glass tube. In order to lessen the time taken for temperature 
equilibrium to be reached, the sphere and the pyrex tube below the disk 
are all blackened outside. 

The thermocouple B is very close to the sphere, the leads XX being 
fastened on to the tube and covered with strips of mica. The potential 
was measured by a Crompton potentiometer, which enables the tempera- 
ture to be read to 0 1" C 

About 8 inches of the tube PP is inside a well-lagged vapour jacket, 
made of copper. The jacket is of the ordinary hypsometer type, in which 
the vapour, after being condensed inside a water-cooled condenser 
attached at R, is led back again into the boiler. The condenser is con- 
nected to a large reservoir provided with a manometer gauge, so that the 
liquid may be made to boil at different pressures. It may be mentioned 
that a special jacket made of steel was used for the case when mercury 
was used as the boiling liquid. 

KK is a jacket, made in two halves, used to protect the waxed joints. 
It is kept cool by running water. The cooling was found to be effective, 
since no appreciable increase of temperature was noticed even when the 
lower part of the tube was at the highest temperature used. 
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3 — Purification of Metals 

To obtain the metals pure and free from gas, they were distilled in vacuo 
at about 300° C., in an apparatus made of pyrcx glass. * 

The use of pyrex glass for the work was quite satis- 
factory, since It was found that vapours of the metals 
did not begin to attack the glass until the tempera- 
ture exceeded 300° C. 

Freshly-cut small lumps of the metal were intro- 
duced into the filtering tube L (hg. 2) and heated 
by a cylindrical furnace enclosing the tube. The 
molten metal flowed through a capillary tube C, dust 
particles and oxides being left behind, so that the 
liquid collected in (he flask O was quite bright. The 
metal was then slowly distilled over into the reservoir 
R, and finally allowed to stream into the sphere. 

With potassium, which was supplied in the form of 
sticks and preserved in benzene, special care was 
taken to drive away traces of benzene as completely 
as possible before the metal was introduced into the 
filtering tube. 

The distilled sodium, kindly analysed for me by 
Mr. Terrey, senior lecturer in the Chemistry Depart- 
ment of University College, was found to contain 
99-8% of pure metal, while a separate analysis, also 
done by Mr. Terrey, showed that the sample did not 
contain potassium to the extent of more than 0-02%. 

The potassium used was supplied by Schering-Kahl- 
baum as specially pure, and was said to contain only 
a slight trace of iron. Probably the trace of iron was 
reduced after the distillation. Thus, from the point 
of view of viscosity measurement, where small con- 
taminations produce only a small effect, these metals 
may be said to be satisfactorily pure. 

4— Experimental 

(a ) — The Spheres and the Calibration — Spheres D, E, used in the present 
work, were two of the five spheres used in the previous work on the 
determination of the viscosity of water. The result obtained with these 
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spheres, over a temperature range from 13“ to 60“ C., showed satisfactory 
agreement with the standard values given in the International Critical 
Tables.* 

Values of the diameter of the sphere at various temperatures were calcu- 
lated by taking the linear coefficient of expansion of pyrex as 3 x 
Correction due to this at the highest temperature employed was less than 
1 part in 1000 on the diameter, involving a correction of about 1% in the 
viscosity, for which allowance was made. 

(b) — The Moment of Inertia — ^The moment of inertia of the system was 
determined within 1 part in 2000. This accuracy was made possible by a 
special design of the inertia bar, the moment of inertia of which can be 
calculated accurately from its geometrical form, and by arranging for the 
unknown part of the moment of inertia to be only a small fraction of the 
total * 

As the inertia pieces together with other attachments, to which about 
97% of the total moment of inertia was due, were inside the metal box 
ZZYY, where the temperature was kept practically constant, the moment 
of inertia of the system may be safely regarded as constant in all the 
measurements. 

(c) — The Effect of Thermal Expansion of the Liquid Metal — In filling the 
sphere it was not possible to distil over from the flask D exactly the 
amount of pure metal needed to fill the sphere. The sphere was therefore 
filled a little more than was required, and the excess removed in the follow- 
ing way. The stem was first sealed near the top by allowing a pellet P 
of the molten metal to solidify there, so that the sphere can be removed 
from the distillation apparatus, and fused on to the reservoir R without 
air entering (fig. 3). The apparatus was evacuated before communication 
was established by melting the metal pellet. The molten metal was 
allowed to flow into the reservoir R carrying away the slight amount of 
oxide formed on the top of the pellet during the opening of the stem. 
The bulb was then put in an oil bath having a temperature a few degrees 
above the melting point of the metal. Unwanted liquid appearing inside 
the stem was removed by shaking it into the reservoir R, and the stem 
was then sealed. 

At the higher temperatures, owing to thermal expansion, the liquid 
would occupy a considerable part of the stem if the sphere were full at a 
temperature in the neighbourhood of the melting point. Before the 
viscosities were measured, the sphere was therefore rais^ to a temperature 

* See Andrade and Chiong, ‘ Proc. Phys. Soc.,’ vol. 48, p. 247 (1936). 
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in the neighbourhood of the range contemplated, and excess liquid metal 
removed until the sphere was full at the temperature in question. This 
was done for every increase of 50° or so, leaving, in the maximum case, a 
metal column about 4 cm. in the stem. The damping effect due to this 
was negligibly small — less than 0-04% as calculated according to Miitzel’s* 
work on the determination of viscosity by an oscillating cylinder filled 
with the liquid. As the metal column was only 3 7 mm. in diameter, its 
effect on the moment of inertia was also negligible. 

In the earlier experiments, the tube was opened and the metal actually 
removed ; later on a simpler method was devised for regulating 
the content of liquid inside the bulb. The stem was fused 
directly to a wider tube which was about 4 cm. long, and of a 
capacity sufficient to hold the total excess of liquid for the whole 
temperature range used. Unwanted liquid was made to flow 
into the reservoir tube and solidify there. As this tube was in 
the cooled part of the apparatus, the metal remained in a solid 
state. The increase of moment of inertia due to this was negli- 
gibly small. Another advantage of this arrangement was that 
it was possible, by shaking down the required amount of metal 
into the bulb, to repeat readings at lower temperatures after 
measurements had been done at the highest temperature used. 

(d) — The Damping— The logarithmic decrement was calcu- 
lated from photographic records taken for the amplitude of 
swing, by the method described by Andrade and Chiong. Suc- 
cessive experiments at the same temperature gave differences 
in the decrement of not more than 1 part in 2000, which means 
a difference in viscosity of not more than 1 part in 1000. 

The correction for external damping due to imperfect elasti- 
city of the suspension wires and residual gas on the enclosure 
surrounding the sphere was made by taking the logarithmic 
decrement with the sphere evacuated. The values taken at different times 
(over a period of six months) showed a difference of at most 3%. The 
agreement is satisfactory, since the external damping never amounted to 
more than 1% of the total damping, and at low temperatures was much 
less than this. 

The effect of the earth's field on the oscillating sphere full of metal has 
been investigated by means of a pair of Helmholtz coils placed with the 
sphere suspended in the centre. The value of the current in the coils was 
adjusted to give a magnetic field about 10 times as strong as the earth's 
• Mfltzel, ‘ Ann. Physik,’ vol. 43, p. 15 (1891). 
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field. The external damping was found to increase by 15%, which means 
that the earth’s field alone did not contribute to the total damping by 
more than 3 parts in 20,000, and so was completely negligible. 

(e) — The Temperature — Owing to possible complications from the 
strong magnetic field inside an ordinary electric furnace, a vapour jacket 
was used instead. Other advantages of a vapour jacket are : the tem- 
perature is steadier than it is in an electric furnace, and there is no 
temperature gradient. The temperature was kept steady within a tenth 
of a degree for more than five hours before the first reading was taken. A 
second value for the logarithmic decrement, taken about an hour after the 
first determination, showed satisfactory agreement, so that it was certain 
that the liquid inside the sphere had reached a steady state. To find if 
the temperature that the metal finally attained was equal to that of the 
enclosure as recorded by the thermocouple fi, the following separate 
experiment was done. 

A new thermocouple, which had been calibrated side by side with the 
thermocouple B, was inserted into the sphere filled with pure sodium, so 
that the junction was central. The pyrex tube PP was removed from the 
apparatus, and, by means of a special metal cover, the sphere was cemented 
so as to be fixed centrally m the tube, in the same position as it occupied 
during the actual experiment. The tube PP was evacuated, and tempera- 
ture measurements taken at intervals, under conditions exactly similar to 
those prevailing during the viscosity measurements. The experiment was 
done at two temperatures, namely, at 100“ C. and 357“ C. In both cases 
the temperature of the metal, as recorded by the inner thermocouple, was 
found to follow readily the temperature of the enclosure with a slight lag. 
The temperatures indicated by the two thermocouples finally approached 
each other. In the experiment done at 100° C., the difference in tempera- 
ture was less than 0 - 1° C. after 4 hours, while at the higher temperature 
it took only 2 hours to reach this degree of agreement. The actual interval 
of 5 hours allowed was therefore amply sufficient. 

5— The Calculation of Viscosity* 

The viscosity is given by the following formulae : 

9 PCP-T.y 
^ 16rt TTo*R*p ’ 

* Andrade and Chiong, ' Proc. Phys. Soc.,’ vol. 48, p. 247 (1936). 
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V- = 


_ IT* 


27:»a*R»p \T, 


T-* ^ ^ ’ 


<^' = 2 - 


gR- 


(gR - D* + /»»R* ' 

= /i = \/ roughly. 


and R is the radius of the sphere, I moment of inertia of the oscillating 
system, T period of oscillation when the sphere is filled with liquid, Tq 
when it is empty, S the logarithmic decrement, and p density of the liquid. 

The process of calculation is first to get a rough value of ■»} from (2), 
with which we compute q' By using this value of q' and by working 
through the equation (1), a second approximation is obtained. The third 
approximation is carried out in the same manner. In the actual scries of 
experiments it is generally possible to guess the first value of tj to within a 
few per cent , instead of using (2) ; if so, the second approximation gives 
the required accuracy. 


6— On the Density of Liquid Sodium and Potassium 
The values of the densities of liquid sodium and potassium given by 
different workers show certain discrepancies. Hagen’s* values agree 
tolerably with those given by Griffiths and Griffithst and those by Hack- 
spill, { while values by Bernini and Cantoni§ appear a little too high. In 
all cases the data cover only a small range of temperature, the highest 
temperature being 155" C. in Hagen’s work, and about 230" C. in the 
measurement of Bernini and Cantoni. Recent work of Rink supplies 
density data for these metals to a higher temperature, 600® C. These 
measurements, however, started from above 360° C. Thus there still 
exists a gap between 155® and 360° C„ inside which there might be a little 
uncertainty with regard to the densities. Fortunately, for these metals. 
Rink’s values lie fairly close to the extension of the straight line plotted by 
Hagen’s values. As Hagen’s values appear more consistent, they were 

• ‘ Ann Physik,’ vol. 19, p. 437 (1883). 
t ‘ Proc. Phys. Soc.,’ vol. 27, p. 477 (1915). 
t ‘ C.R. Acad. Sci. Pans,’ vol. 152, p. 259 (1911). 

§ ‘ Nuovo Cim.. vol. 8, p. 241 (1914). 

II ‘ C.R. Acad. Sci. Pans,’ vol. 189, pp. 39 and 135 (1929). 
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adopted in the present work. Densities at temperatures higher than those 
at which Hagen’s measurement was done were calculated from the values 
given by him for the coefficients of expansion of the metals. 

Experiments are now in progress in the University College laboratory 
on the densities of the liquid alkali metals, which are designed to remove 
the discrepancies, but the values here adopted are hardly likely to be in 
error by an amount sufficient to affect the value of the viscosity within the 
experimental limits. 


7— Viscosity Data 
Table I— Sodium 

Constants used in formula (3) for calculating v) : K = 1 • 183 x 10“*. 
f- 716 -5. 


Temperature 

>) expenmental 

calculated 

T) exp. — Tj cal. 

*C. 

(c g s. units) 



98 0 

0 007264 

_ 

_ 

99 6 

0 007142 

_ 

_ 

102 4 

0 006856 

— 

— 

120-4 

0-006170 

0 006188 

- 0 29% 

154-5 

0-005314 

0 005336 

- 0-41% 

155 0 

0 005322 

0 005308 

+ 0-26% 

159-1 

0 005225 

0 005221 

+ 0 07% 

173-7 

0-004942 

0 004933 

-f 0 -19% 

183-4 

0 004760 

0-004761 

- 0-02% 

206-7 

0-004431 

0-004399 

+ 0-72% 

218-0 

0-004239 

0-004240 

- 0 02% 

289-0 

0 003506 

0 003495 

-f 0-31% 

355 0 

0-003015 

0-003035 

- 0-66% 


Table II- 

—Potassium 



K -- 1 -293 X 

10-». c- = 600-0 


Temperature 

r] expenmental 

T) calculated 

r) exp. — ij cal. 

‘C. 

(c g.S.) 

(c.g.s.) 


64-2 

0-005535 

_ 


67 0 

0 005256 

0 005242 

+ 0-27% 

67-9 

0-005230 

0-005216 

+ 0-26% 

79-4 

0-004930 

0-004945 

- 0-31% 

99-5 

0-004540 

0-004539 

+ 0-02% 

119-6 

0-004188 

0-004203 

- 0-36% 

155-5 

0-003707 

0-003729 

- 0-59% 

175-5 

0-003530 

0-003515 

+ 0-43% 

207-7 

0-003249 

0-003231 

■f 0-56% 

282-5 

0-002750 

0-002756 

- 0-22% 

352-5 

0-002457 

0-002458 

- 0-04% 
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8 — Results and Discussion 

Results of the experiments are given in tables I and II, together with 
values of v) calculated by Andrade’s formula* — 

Tjvi = (3) 

where v is the specific volume, T the absolute temperature, and K and 
c are constants, their values being found from the experimental data by 
the method of least squares. Points very near the melting point of the 
metal have not been taken for the fitting, for reasons to be given later. In 
the tables, percentages of difference between theoretical and experimental 
values are also given, the maximum deviation being a little over a half per 
cent. It is to be noted that there is no indication of any systematic trend. 



In fig. 4 values of the viscosity of sodium and potassium are plotted 
against temperature, while fig. 5 shows the result of plotting log vjn* 
against 1 /uT. All the points except those very close to the melting point 
lie very well on a straight line. It is to be noted that for sodium the 
lowest temperature at which viscosity was measured was less than half a 
degree above the melting point, and that for potassium it was about 2° C. 
above the melting point. 

Theoretical values of the viscosity of sodium and potassium at the 
melting point are given by Andrade’s formula 

= X 10 

• • Phil. Mag.,’ vol. 17, p. 698 (1934). 


( 4 ) 



, TjV* X 10* 
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where A is the atomic weight, V the atomic volume, and T,. the melting 
point in absolute temperature. The formula gives for the viscosities 
0 0056 and 0 0045 respectively. The constant 5-1 x 10"* is not arbi- 
trary, but is obtained by taking C -- 2-8 x 10^* in Lindemann’s frequency 
formula. These values compare with the experimental values 0*00695 
and 0*00537 extrapolated from the linear relation. 

If the values of t),, arc calculated directly by the formula* 


4 ^ 

3 a ’ 


( 5 ) 



lloft.'xlO* 
Fio. 5. 


where m is the mass of a molecule, o the average distance between the 
molecules, and v the characteristic frequency of vibration, we get 
r),„ ~ - 0 63 and 0*52 c.p. for sodium and potassium respectively upon 
taking — 4*3 x 10*® and vr = 2*6 X 1(^*, as given by Lindemann.f 
The experimental value yj„ of sodium then differs from its theoretical 
value only by 9%, and in the case of potassium the difference is only 3%. 
The agreement between experimental and theoretical values is therefore 
very satisfactory in this case. The large difference obtained in the first 
calculation is due to the smaller value of C taken. In fact, the value C, 
3*4 X 10*® as calculated from Andrade’s formula by using viscosity data 
of sodium, gives ri„ of potassium a value only 4% higher than the experi- 
mental value. 

As seen in fig. 5, the viscosities of sodium and potassium at temperatures 
very close to the melting point behave abnormally, departing markedly 
from the straight line given by values of viscosity at hij^er temperatures. 

* Andrade, ‘ Phil. Mag.,’ vol. 17, p. 497 (1934). 

t See Blom, ‘ Ann. Physik,’ vol. 42. p. 1402 (1913). 
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The abnormality probably suggests that a crystal structure of these metals 
persists to some extent for a few degrees a^ve the melting point. The 
phenomenon is clearly exhibited by sodium. In the case of potassium it 
is not so obvious, probably owing to the fact that the measurement was 
not taken so close to the melting point (about 2° above). 

Stott* and Lewisf in their works on the viscosity of tin, which also 
showed satisfactory agreement with Andrade’s formula, failed to observe 
any abnormality in viscosity near the melting point, but it is to be noted 
that the lowest temperature measured in their works was about 6° C. above 
the melting point, which is likely to be too high to show the effect. 
Dobinski’s:^ work on phosphorus is interesting, since he has measured the 
viscosity far into the super-cooled region. The viscosity shows an appreci- 
ably larger slope in this region than it does at higher temperatures when 
we plot log Tji;* against 1 /wT. 

The constant c in the formula (3) is found to be 716-5 for sodium and 
600-0 for potassium. The small difference in the values of c for these 
metals seems to indicate the familiar fact that their external molecular 
fields are more or less similar. These values of c appear large when com- 
pared with that for mercury, 22. This is probably due to the great 
difference existing both in the densities and in the coefficients of thermal 
expansion of mercury and the alkali metals. 

The characteristic frequency of vibration of molecules has been calcu- 
lated in various ways from the specific heat and elastic constants of a 
substance. As summanzed by BIom,§ there are more than seven formulae 
in existence. It will be seen that no two of them give results that agree 
moderately. Blom’s investigation shows that it is impossible to say which 
of them is best. Some of the formulae have apparently a better theoretical 
basis than others, but they give bad results owing to the fact that they 
involve constants that have not been, or cannot be, measured with preci- 
sion. 

Andrade’s formula for viscosity of a substance at its melting point 
having proved successful in representing experimental fact, it can clearly 
be used as an approximate frequency formula for a simple solid, when 
the viscosity at the melting point is known. 

Formula (5) can be written as follows : 



• * Proc. Hiyi. Soc.,’ vol. 45, p. 530 (1933). 
t ‘ Proc. Phys. Soc.,’ vol 48. p. 102 (1936). 
t ‘ Bull. int. Acad. Cracovie.,’ 3-4A, p. 103 (1934). 
$ • Ann. Physik,’ vol. 42. p. 1397 (1913). 


( 6 ) 
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where N is Avogadro’s number, A the atomic weight, p the density and 
7)„ the viscosity at the melting point. It is to be noted that Andrade’s 
frequency formula, unlike the others, does not contain any arbitrary con- 
stant. In addition to a theoretical basis, the formula has the advantage 
that in general the only constant unknown is y;,,,, which can be easily 
determined w'ithin a half per cent. 

In the following tabic, the characteristic frequencies of a number of 
elements, as calculated by Andrade’s formula, are given together with the 
values calculated from formulae* by (1) Nerst-Lindemann, (2) Einstein, 
(3) Lindcmann, (4) Alterthum, (5) Benedicks, (6) Griineisen, and (7) Debye. 
The agreement between the values given by Andrade’s formula and those 
given by Lindemann’s formula, in column 3, is striking. Andrade’s 
formula, as used for calculating v, is quite independent of Lindemann’s, 
but this good agreement means that if we substitute Lindemann’s formula 
for V in the above formula (6), we can calculate without invoking an 
arbitrary constant, as was done in Andrade’s original paper. Gallium, for 
which the discrepancy is largest, has a particularly complicated crystal 
structure. 

Table III 

Oement v x 10^» 

Andrade 1 2 3 4 5 6 7 

L 1-38 2 02 1 8 1-4 2-2 2 06 — — 

K 2-66 2 1 1-7 2 6 2 1 -- — — 

Na 4-62 3 0 2 9 4 3 3-6 — — — 

Sn 2-33 3-8 3 5 2 5 3 3 3-1 — — 

Bi 1 63 3-2 2 2 1-8 2 8 2-5 — 2-3 

Pb 1-96 1-98 2 2 2-0 2-1 1 96 2 2 1-5 

Sb 2-80 5 0 3-1 3-2 4-4 4-0 — — 

Cu 6-37 6 7 6-6 7-4 6-7 7-2 6-7 6-8 

Ga 3 54 7-3 — 2-8 — 5 6 — — 

After the work was completed, a short paper by Sauerwaldf came to my 
notice, in which experiments are described which he carried out with 
liquid sodium and potassium, for the purpose of checking Andrade’s melt- 
ing point formula. The method, that of a simple capillary viscometer, in 
which surface tension introduces considerable uncertainties, is clearly not 
designed to give accurate values, nor was Sauerwald attempting to find 
anything but a rough approximation. The values, given by the author to 
two figures only, for melting point viscosities are 0-0077 and 0-00S6 for 
sodium and potassium respectively, which are, according to this work, a 

* See Blom, ‘ Ann. Physik,’ vol. 42, p. 1397 (1913). 
t ‘ Z. Metallk.,’ vol. 26, p. 259 (1934). 
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few per cent, too high. For sodium he gives only the melting point 
value ; for potassium, values at two higher temperatures, viz,, 100° C. and 
183° C. The value at the latter temperature, viz., 0-00346, agrees exactly 
with the value here given. It may be noted that with Sauerwald’s method 
the values are likely to be more accurate at high temperatures, on account 
of the decrease of surface tension. 
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Summary 

The viscosity of liquid sodium and potassium has been measured by the 
oscillating sphere method, in which the liquid is enclosed in a glass sphere, 
and its viscosity calculated from the damping of the oscillation. The 
alkali metals have been chosen because their simple crystal structure has 
advantages for comparison with theory. The measurement was done 
from the immediate neighbourhood of the melting point up to about 
360° C. Results obtained for both sodium and potassium are found to 
obey satisfactorily the two viscosity formulae of Andrade. 
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The Effect of Pressure Upon Natural Convection in Air 

By O. A. Saunders, M.A., M.Sc. 

{Communicated by H. T. Tizard, F.R.S . — Received 15 April, 1936) 


Introduction 

Dimensional considerations show, on certain assumptions, that natural 
convection depends upon the dimensionless numbers 


and N, 


k ' 


where / is a representative linear dimension, e a representative tempera- 
ture difference, a the coefficient of expansion of the fluid, s the specific 
heat per unit mass at constant pressure, p the density, n the viscosity, and 
k the conductivity. If H denotes the rate of heat flow across unit area 
of any given surface within the fluid, it also follows that P, == H//ArO, is 
a function of M and N. The assumptions made are discussed in an 
Appendix. 

For gases N varies little between wide limits of pressure and temperature, 
and may in general be omitted, P therefore depending only upon M. 
For a given gas, M is proportional to 0/®, and increases with the pressure 
p, being nearly proportional to p\ The variation of P with M can be 
found by experiments in which either 0, /, or p is varied, but the range of 
M to be got by varying 0 is relatively small, not only because of the 
different indices in M, but also because for large values of 0 the assumption 
made in the dimensional analysis, that the constants of the gas do not 
vary with temperature, is inadmissible. By varying the pressure, M can 
be varied over a wide range for a single value of /; thus only one experi- 
mental apparatus need be constructed, and it may be of reasonable size, 
large surfaces being difficult to heat uniformly and the surrounding con- 
ditions difficult to control. 

The object of the present work was to find accurate values of P over a 
wide range of M for vertical plane surfaces in a relatively large volume of 
air, by experiments in a specially constructed enclosure at pressures from 
0 -001 to 65 atmospheres. It is proposed to extend the work to some other 
shapes. 
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Previous Experimental Results 
Measurements of the heat loss from vertical planes in atmospheric air 
have been made by Nusselt, Jurges, Griffiths and Davis, Schad, King, 
and Carpenter and Wassell. Their results are compared in fig. 3 with 
those of the author. The effect of pressure upon natural convection has 
not previously been studied, except by Petavel, who in 1901 made some 
accurate measurements with a horizontal wire in a cylindrical enclosure 
filled with various gases up to pressures of 170 atmospheres. The author 
has expressed Petavel’s results in dimensionless coordinates and, later 
in the paper, they are discussed with some more recent values obtained 
with a similiar apparatus at higher pressures, and are compared with 
other results for horizontal cylinders in atmospheric air. 



Apparatus 

The experimental surfaces were suspended from the lid of a cylindrical 
cast steel pressure chamber of internal diameter 46 cm. and height 76 cm., 
designed to withstand 70 atmospheres (see fig. 1). The axis of the chamber 
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was vertical, the lower end being hemispherical, and resting in a steel 
cradle. The detachable lid was held on by twenty steel bolts, the joint 
being made with a ring of gutta percha cord. Tightening the bolts 
flattened out the cord, and the joint could be re-made many times with 
the same cord. 

Electrical leads, not shown in fig. 1, were taken from the experimental 
surfaces to a junction board, and thence to terminals passing through 
plugs screwed into the lid, the terminals being insulated by ebonite 
sleeves. The pressure could be maintained for some days without 
appreciable leakage. The chamber was immersed in a tank of water to 
keep its temperature steady. The air inside the chamber was kept dry 
by calcium chloride. The pressure was measured with Bourdon gauges, 
which were calibrated before and after use. At low pressures mercury 
manometers were used. 

The experimental surfaces consisted of three platinum strips and a 
copper heater plate. The platinum strips were stretched horizontally 
with their surfaces in a vertical plane; they were 0 0025 cm. thick, 23 cm. 
long, and of three heights, 0-325, 2-50, and 7-60 cm. The copper plate 
was hung vertically and was 22-9 cm. high by 15-25 cm. wide, and 0-55 
cm. thick. The heights were chosen to give overlapping ranges of M, 
corresponding to the ranges of pressures investigated. 

The platinum strips were the more satisfactory type for accurate 
measurements, but greater heights than 7-6 cm. could not conveniently 
be used owing to the heavy heating currents required The ends of the 
strips were gripped between pairs of copper bars connected by flexible 
links to copper leads of 0 - 1 cm. diameter supported in a light wooden 
frame. Potential leads of fine platinum wire were led away at right angles 
to the surfaces from points 7 - 6 cm. apart and equidistant from the middle 
of each strip. The copper bars used to grip each strip were of sufficient 
cross-section for the horizontal potential gradient to be uniform from top 
to bottom. The energy dissipated from the part of a strip between the 
potential leads was found from the potential difference and the total 
current flowing along the strip. The temperature of the same part was 
derived from its resistance, as found by dividing the potential difference 
by the total current, using a calibration obtained as described below. 

The vertical distribution of temperature in each strip is a function of 
the distribution of convective cooling, and the thickness and thermal 
conductivity of the strip. The temperature is uniform only if the con- 
vective cooling is uniform. Assuming the cooling to be given by the 
results of the present experiments (see fig. 4), the temperature distribution 
can be calculated by a simple approximate method. It is found that the 
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temperature difference between the top and bottom of a strip increases 
with the pressure. For the 0 -325 cm. strip the difference in temperature 
is negligible at all pressures. For the 2-5 cm. and 7-6 cm. strips it 
becomes appreciable at pressures above a few atmospheres, reaching about 
25° C. for a temperature excess of 55° C. in the extreme case considered. 
In no case, however, does the measured temperature of the strip differ 
from its true mean temperature by more than 0-5° C. The total con- 
vection heat loss may, however, depend upon the distribution of tempera- 
ture as well as upon the mean temperature. The overlapping in fig. 2 
of the points for the 2 • 50 cm. strip at the higher pressures with those for 
the 22-9 cm. plate (which was known to have a uniform temperature) 
at the lower pressures, indicates that the effect of non-uniformity of 
temperature upon the results may be neglected ; the results may thus be 
taken as applicable to a surface at a uniform temperature. 

The relation between resistance and temperature was found for each 
strip by calibration in a special air-tight tin box, which was totally im- 
mersed in an electrically heated oil bath, with a propeller for circulation. 
Four thermocouples soldered to the top, bottom, and two side faces of 
the tin box read the same within 0 5° C., and their mean was taken as 
the strip temperature, the current through the strip being too small to 
raise its temperature appreciably above that of the box. 

The copper heater plate was made of two copper sheets held together 
by screws and enclosing a heater of nichrome strip wound on a thin sheet 
of asbestos and insulated from the plates by thin mica sheets. In some 
preliminary experiments with the heater wound on mica, air circulation 
between the plates caused unduly large heat losses at the higher pressures, 
at which convection in narrow spaces takes place more readily, but this 
trouble was overcome when asbwtos was used. Sealing the gap around 
the edges of the plates had no appreciable effect on the results. The 
temperatures of the copper surfaces were measured by thermocouples 
tightly embedded in grooves cut in the inside faces of the copper sheets. 
Each surface had three thermojunctions at points along the centre line 
parallel to the longer edges, respectively at the middle, 2-5 cm. from the 
top, and 2-5 cm. from the bottom, the mean being taken as the surface 
temperature. Tests with additional thermocouples showed that the 
temperature was uniform up to 1 *0 cm. from the edge along any hori- 
zontal line, while in the vertical direction, differences up to 3° C. were 
found between positions 1 -0 cm. from the top and 1 -0 cm. from the 
bottom, for a temperature excess of 55° C. 

In all cases the air temperature was measured by a fine thermocouple 
midway between the top and bottom of the heat^ surface, and about 
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midway between the surface and the enclosure walls. The temperatures 
of the walls and lid of the enclosure were measured by embedded thermo- 
couples. 

Corrections Applied to Results 

Edge Losses from Copper Plate — The heat loss given for the copper 
plate is for unit area of total surface, including the edges. To find the 
effect of the vertical edges, a similar plate of half the width was tested ; 
the results for the narrower plate were less consistent, but were within 
±2-J% of those for the wider plate, showing that the mean heat loss per 
unit area from the wider plate is not appreciably affected by including the 
vertical edges. The horizontal edges were included without investigation. 

Radiation Loss — The radiation to the enclosure walls was calculated 
and subtracted from the measured heat loss to give the convection. The 
emissivities of the platinum and copper surfaces were measured, using a 
thermopile with a suitable reflecting cone, and comparing the radiation 
with that from a similar plate coated with camphor black, taking care 
that the coating was thick enough to give maximum emissivity. The 
thermopile and plate were surrounded by a metal screen, bright on the 
outside, and black on the inside, to prevent radiation from relatively 
cold walls, or any other surfaces not at air temperature, from being 
reflected by the plates into the thermopile cone. The emissivity of the 
copper plate was between 0-03 and 0‘045, according to its condition. 
The emissivity of the platinum was 0*05. The radiation heat loss is 
independent of the pressure ; it amounted for the copper plate to 6% of 
the loss at atmospheric pressure, and less than at 65 atmospheres. 
For the platinum strips, the radiation was below 4% at atmospheric 
pressure, but for the 7-6 cm. strip rose to 20% at the lowest pressure. 

Loss Along Suspending Wires and Leads — For the copper plate this was 
proved negligible by attaching an additional set of dummy wires and 
leads. With the platinum strips, both the loss along the potential leads 
and any loss along the strip from the middle experimental section were 
neglected. 

Results 

Readings were taken for surface temperatures from about 60° C. to 
80° C. in air at about 15° C. with each of the four experimental surfaces 
of different height (/), at pressure (p) between 0 043 and 65 atmospheres. 
Table I gives the results for a surface temperature of 70° C., in terms of 
H/6, where H is the convection heat loss fVom unit area in unit time, and 
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0 the temperature difference between surface and air, i.e., 55“ C. It was 
found that the variation of H with 0, for any given size and pressure, 
could be expressed by the relation H = C0*, where C and n are constants, 
n increasing from about 1 •!5 at M = 10 to a constant value of 1-33 
beyond M lO*. 


Table I— Convection Heat Loss H/0 in caijs./cm*. sec. °C 
p H/O X I0‘ p H/O <10* p H/O 10* 


/ - 0 325 cm. 

0 043 2 25 
0 064 2 58 
0 194 3 27 

0- 38 4 96 
097 510 
5-29 9-75 

107 13-4 
180 17-4 
23-9 19-8 
41 ■ 1 26 7 
45 0 27 8 
67-7 35 8 

/ = 7 60 cm. 

0 035 0 40 
0 145 0 72 
0 375 1 12 

1 - 01 I 81 
3 07 3 16 


/ 2 -5 cm. 

0 043 0 657 

0 064 0-78 

0 108 0-93 

019 1 18 

0-475 1-71 

0 97 2-33 

2-20 3-48 

2-84 3 95 

5-29 5 15 

10-7 7 51 

18 0 10 1 

23 9 11 8 

41 I 16-1 

56 3 20 4 

/ - 22-9 cm 

10 1 49 

1 68 1 84 

2 53 2-22 


1-^119 cm. 

3-31 2-52 

4 38 2-92 

5 94 3 38 

7 00 3-75 

7 47 3 95 

9 81 4-98 

13-2 6-45 

17 3 7 75 

19 0 8 35 

20 3 8-75 

25 4 10-2 

29 6 114 

352 13-1 

35-7 13-4 

45-7 16 0 

53-5 18 0 

54 8 185 

64 3 21 0 


In fig. 2 the results are plotted in dimensionless coordinates, the con- 
stants taken being given in Table II. It will be seen that the points for 
different height (/) agree well, their deviation from the mean curve being 
less than 6%. 

Fig. 3 shows results by other experimenters for surfaces in atmospheric 
air, together with the mean curve from fig. 2. For the higher values of 
M there is fairly good agreement, the points tending to be above the 
curve, probably because many of the experiments were earned out under- 
conditions in which draughts were not entirely excluded. For the lower 
values of M, King’s results are in close agreement with the curve, but 
Griffiths and Davis’s results for vertical cylinders with heavily insulated 
ends depart more and more from it as / decreases, probably on account of 
the increasing difficulty of allowing correctly for the end losses. 


XJ 2 
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The results between M = 10* and M 10” are of special interest, and 
are shown in fig. 4, using P and M* as coordinates. The curve has points 
of inflexion at about M = 1 -7 x 10" and M 7-0 x 10", and becomes 



Fio. 2— Experimental results for verticai plane surface. © / = 22-9 cm.; Q- / = 
7-6 cm.; -© 2-5 cm.; d) 0-325 cm. 

a straight line above about M = IS x 10". If the heat loss per unit 
area h, at a distance / from the bottom of the vertical plane, be assumed 

independent of the height of plane above it, then h is equal to 4 (H/) and 
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is therefore proportional to the slope of the curve in fig. 4. Thus h 
appears to have minimum and maximum values at the two points of 
inflexion, equal respectively to about 0-65 and 1 • 1 times its value when M 
is greater than 15 x 10” Griffiths and Davisf in their experiments with 
vertical cylinders, and also with a vertical wall built up in separately 
heated sections, found h a minimum at a height between 1 and 2 feet, 
which corresponds to a value of M between 0-12 >< 10“ and 1 *0 ^ 10“, 



Table II— Constants for Air at 43° C. 


Pressure 

Viscosity 

Cocflicicnt 

Density 

Thermal 

Specific 

(atmospheres) 

/ g"- \ 

of expansion 


conductivity 

heat 


' cm. sec / 

rc-') 

'em*/ 1 

^ cal. 

, cal ' 




\ 

^cm. sec "C,' 

'gm. “C., 

P 


a 

P 

k 

s 

1 

185 10 • 

367 < I0-* 

1 12 10-* 

5 7 10 * 

0 24 

10 

187 

375 

11-2 

5-8 

0 24 

20 

189 

383 

22-5 

6 0 

0 25 

30 

191 

392 

33 7 

6 1 

0 25 

40 

193 

402 

45 1 

6 2 

0 25 

50 

195 

410 

56 5 

6 4 

0 26 

60 

197 

418 

680 

65 

0-26 

70 

199 

425 

79-5 

6 7 

0 26 


Values of a, p, j, are from the International Critical Tables. Values of |x arc from 
Michels and Gibson (‘ Proc. Roy. Soc,’ A, vol 134, p 288 (1932)) (for nitrogen). 
In obtaining k, ns/k has been taken equal to 0 78 at all pressures At pressures 
below 1 atmosphere, a, s, (x, and k were taken the same as at 1 atmosphere, and p was 
assumed to follow Boyle's law. 

and a constant value of h above about 4 feet, corresponding to M = 8 - 0 x 
10®, but they did not observe an intermediate maximum value. They 
suggested, in explanation of their results, that the motion of the rising air 
changes from streamline to turbulent at a certain distance up the plate, 
and that finally, beyond a certain distance, the mean temperature and the 
mean upward velocity become constant. Thus the heat loss decreases 
with increasing distance up the plate where the motion is streamline, 
owing to the air becoming warmed, but increases when turbulence starts, 
and finally reaches a constant value. The author, using the refraction of 
a grazing ray of light to measure the air temperature gradient near, and 
normal to, the surface, found that the point of initial turbulence was very 
sensitive to draughts, which caused it to occur at a lower height than in 
undisturbed conditions. The somewhat higher critical values of M 
found in the present experiments, compared with those of Griffiths and 
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LogSS^ 

Fig. 3 — Comparison of results with those of other experimenters, x Griffiths and 
Davis;* 0 King;t + Schmidt and Beckman;! 0 Carpenter and Wasaell;S 
VNusselt and Jvirges;|| ^ Schad.f Curve taken from author’s results, fig. 2. 

* ■ Spec. Rep. Food Invest. Bd.,’ No. 9 (1922), revised Ed., 1931. 
t ‘ Mech. Engr.,’ vol. 54, p. 347 (1932). 
i ‘Tech. Mech. Therrao-Dynam.,’ vol. 1, pp. 341 and 391 (1930). 

• § ' Proc. Instn. Mech. Eng.,’ vol 128, p. 439 (1934). 

II ‘ Z. Ver. deuts. Ing.,’ vol. 72, p. 397 (1928). 
f • Heat. Pip. Air Condit.,’ vol. 2, p. 957 (1930). 
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Davis,* are probably to be explained by the steadier conditions inside the 
enclosure. 


Effect of Size of Enclosure— ?ot the higher values of M the air tempera- 
ture falls sharply from the surface to a practically uniform value, but as M 



1000 2:000 3000 “1000 JOOO 


Fta. 4— Results in region of points of inflexion. © / = 0- 325 cm. ; x / = 2- 3 cm. ; 
Of = 22-9 cm. 

decreases the temperature gradient flattens out, until ultimately the 
uniform value is not reached at the position of the thermocouple midway 
between the surface and the enclosure walls. When this happens, the 
experimental results for H/e would be expected to cease to be independent 

• ‘ Special Rep. Food Invest. Bd.,’ No. 9 (1922), revised Ed., 1931. 
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of the size of the enclosure. The critical value of M must depend upon 
the ratio of the sizes of the hot surface and enclosure. The agreement 
between the points in fig. 2 for surfaces of different size shows that the 
enclosure is large enough for its effect to be neglected, within the limits 
of experimental accuracy, and that the results are applicable to conditions 
in which the volume of air is unlimited. In the small graph of fig. 4, 
results at pressures down to 0-001 atmospheres (lower than in fig 2) 
are given, and there is agreement for the two sizes above M* =- 6, but 
below this value the larger surfaces give higher results When M = 0, 
the heat flow is by pure conduction between the surface and the enclosure, 
and P IS therefore greater for the larger surface; if the enclosure were 
infinitely large, P would have a definite value depending only on the 
shape of the hot surface. 

Experiments with Wires in Gases at High Pressures — Many experi- 
menters have measured the heat loss from horizontal cylinders of different 
diameters and temperatures in atmospheric air. A mean curve of the 
results, including some by the author for a cylinder of 2-5 cm. diameter 
at pressures from I to 65 atmospheres, is given in fig. 5. As already 
mentioned, values at high pressures were found by Petavel for a wire of 
diameter 0-0106 cm. in a horizontal enclosure of diameter 2-0 cm. 
containing various gases up to 170 atmospheres, and also recently, in 
some work not yet published, by the author’s colleague, Mr. J. W. James, 
who used a wire and enclosure of the same size as Petavel’s,* and experi- 
mented with nitrogen up to 1000 atmospheres. Difficulties arise in 
attempting to express these results by dimensionless coordinates because 
the constants are not all known at these high pressures. In particular, 
the conductivity of gases, although known to be constant within certain 
limits, has not been measured at the higher pressures. It is interesting to 
note, however, that if ^jk is assumed constant up to 1(XX) atmospheres 
the points from the experiments quoted fall fairly well on the mean curve 
from results for larger diameters at atmospheric pressure (see fig. 5, in 
which the points up to 150 atmospheres are from Petavel’s, and those 
from 250 to 10(X) atmospheres from James’s, experiments). Alternatively, 
assuming A: to be constant up to 1000 atmospheres, the points from the 
same experiments fall on the branch marked 1. If the abscissa in fig. 5 
is changed to MN, = (see Appendix) and k is assumed constant, 

the same values fall on the branch marked 2. Thus, whichever coordinate 
is taken, these results appear to afford evidence that ^jk is not far from 
• ‘ PhU. Tram.,’ A, vol. 197, p. 229 (1901). 
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constant up to 1000 atmospheres, from which it follows that k increases 
considerably at the higher pressures. It is to be noted from fig. 5 that 
the range covered by results between 250 and 1000 atmospheres is com- 
paratively small ; hence results above about 200 atmospheres are of little 
value in defining the curve. 



Summary 

Dimensional considerations suggest that natural convection in air 
should depend upon the dimensionless number agQPsp'lyJc, the effect of 
which can be found experimentally by varying either the representative 
linear dimension /, the r^esentative temperature difference 6, or the 
pressure of the air. Many experimenters have determined the effect of 
/ and 6 upon the heat loss from surfaces to the surrounding atmosphere. 
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but the effect of pressure has not been investigated systematically except 
in one particular case. 

The present paper describes measurements with vertical plane smfaces 
of four different heights in air at pressures from 0*001 to 65 atmospheres. 
It is shown that the results can be expressed satisfactorily in terms of the 
dimensionless number, and values are given over a wide range. These 
are compared with, and are believed to be more accurate than, previous 
results of other experimenters obtained by varying the height at atmospheric 
pressure. 

Natural convection at higher pressures, up to 1000 atmospheres, is also 
discussed, and results for a hot wire in nitrogen are mentioned. The 
values of some of the constants are uncertain at the higher pressures, but 
as(?l\Lk IS not appreciably increased by raising the pressure above about 
200 atmospheres. There is evidence from the results that yjik is nearly 
independent of pressure up to 1000 atmospheres. 


APPENDIX 

Note on the Dimensionless Numbers Associated with Natural Convection 
The association of the variables in the dunensionless numbers 


M and N-f 

is based on the assumptions that the density is uniform and that the fluid 
at any point is acted on by an effective gravitational force — pagit — /q) 
per unit mass, where t is the temperature, and to a A^ed temperature. 
It may also be shown, on these assumptions, that if the momentum terms 
are omitted from the equations of motion, only M need be considered. 
If the viscosity terms are omitted, only the product MN need be considered. 

In the general case of a viscous fluid whose density is a function of 
temperature the equations of motion may be written 

l;.^+ po, pw)- B, w) 

and the equation of conduction 


v*e^ 


- 1^0 

‘TP 






+ W 


ae\ 

’Tz)' 


( 2 ) 
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where x, y, z are dimensionless ratios of distances parallel to the axis to 
a fixed length (/), «, w, w ratios of the velocity components to a fixed 

velocity t/g == P the ratio of the density to a fixed density po, p the 

ratio of the pressure to a fixed pressure Po (— gpj)^ 0 the ratio of the 
temperature to a fixed temperature 6o, pi the viscosity, s the specific heat 
per unit mass, and k the thermal conductivity. The axis of z is taken 
vertical. 

For motion under gravity, X = Y ^ 0 and Z = 1. 

For a gas at constant pressure, using the dimensionless coordinates 
defined above, 

p = (I + a0„) (1 + ae„e) 1, 


where a is the coefficient of expansion at 0 ^ 0. 

Solutions of (1), (2), and (3) for any given boundary conditions of u, 
V, w, 8 , and p, involve the three dimensionless numbers gp'Pjv-*, iu/k, 
a0o Thus the association of Po and / in the number gpo*P/ pi* is established 
without simplifying assumptions, except that the effect of local pressure 
differences upon the density of neglected in (3). 
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The DifTusion of Gases Through Metals 
IV— The Diffusion of Oxygen and of Hydrogen Through 
Nickel at Very High Pressures 

By C. J. Smithells, D Sc., and C. E. Ransley, B.Sc. 
{Communicated by R. H. Fowler, F.R.S. — Received 8 May, 1936) 
[Plate 91 

The effect of pressure P on the rate of diffusion D has been measured 
for a large number of gas-metal systems. In a previous paper* we have 
pointed out that the experimental results are more nearly represented by 
an equation 

D = A: . 0 . VP (1) 

than by the usual equation 

D - fk . VP, (2) 

where 0 is the fraction of the surface covered by adsorbed gas atoms.t 
Whilst equation (1) represented within the limits of experimental error 
all the systems so far investigated, its theoretical basis was obscure. The 
factor 6 was introduced on the hypothesis that the departure from the 
VP relation at very low pressures was due to the surface being incom- 
pletely covered with adsorbed gas. It has generally been assumed that the 
rate of diffusion is determmed by three processes 

(i) Adsorption on the surface, 

(ii) Penetration of the surface, 

(iii) Diffusion through the metal, 

each of which requires an activation energy. 

• • Proc. Roy. Soc.,’ A, vol. 150, p. 172 (1935). 
t In that paper we substituted for 6 the Langmuir isotherm— 


but It has since been pointed out by Fowler (‘ Proc. Camb. Phil. Soc.,' vol. 31, p. 260 
(1935) ) that when the gas is dissociated, as it is in all cases of diffusion, the value of 6 
is given by 

aF/* 

1 + oF/*’ 
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Whilst at low pressures adsorption on the surface might well be the 
controlling process, when the surface becomes completely covered the rate 
should be independent of P, rather than proportional to VP. The rate of 
diffusion plotted against VP would then be like curve 2 in fig. 1 rather 
than curve 1, which represents equation 1. 

There are no published data on the effects of pressures higher than about 
1 atmosphere, and it seemed possible that the curves published m our 
previous paper might have shown a departure from the square root rela- 
tion at sufficiently high pressures. 

Two systems have therefore been studied. The rate of diffusion of 
hydrogen through nickel has been measured at pressures up to 1 12 atmo- 
spheres, at 248° C , and 400° C This is a typical representative of those 



Fio. 1. 

systems in which no definite metal-gas compound is formed. The diffu- 
sion of oxygen through nickel, which involves the presence of a definite 
oxide film at higher pressures, has also been studied. We may anticipate 
the results by saying that in the case of oxygen the rate of diffusion becomes 
independent of the pressure at quite low pressures, but with hydrogen the 
rate remains accurately proportional to VP even up to 112 atmospheres. 

Diffusion of Hydrogen Through Nickel 

Apparatus — ^The apparatus is illustrated in fig. 2. Diffusion was 
measured through a diaphragm A, 0-35 mm. thick, and of sufficiently small 
area (1 -25 cm.*) to withstand high pressures. This was clamped rigidly 
between the accurately-faced ends of two thick-walled nickel tubes B, by 
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means of a screwed collar C. The outer edge of the diaphragm, and the 
collar, were copper brazed in hydrogen, as shown in detail in fig. 7Jb. 
This gave a perfectly tight joint, and the copper did not penetrate to the 
surface of the diaphragm. 

A small electric furnace D enabled the diaphragm to be maintained at 
any desired temperature, registered by the thermocouple E inserted in a 
hole in the collar. 




The nickel tube, water-cooled at both ends, was surrounded by a metal 
jacket F, which was continuously evacuated to prevent indirect diffusion 
through the walls of the tube B. One end of the nickel lube was soldered 
to a copper thimble scaled directly to the glass diffusion pump and analyti- 
cal system described previously.* This enabled a vacuum of 10'* mm. of 
mercury to be maintained on one side of the diaphragm. The other end 
of the nickel tulK was connected by thick-walled copper pipe to a hydrogen 
cylinder fitted with a fine adjustment tap, and to another tap opening 


Loe. eit. 
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directly to the air or rough vacuum. The pressure was measured by a 
Bourdon tube gauge which had been calibrated by a deadweight method. 


Materials — The nickel diaphragm was rolled sheet of the following 
analysis : — 


Manganese 

Iron 

Magnesium . 
Carbon 


0-13 

0-12 

009 

001 


Electrolytic hydrogen, purified by bubbling at high pressure through 
molten sodium, was stored in cylinders previously dried by evacuation 
for two days. 

Experimental Results— S\ncc both sides of the diaphragm could not be 
subjected to high vacuum, the metal was degassed by heating in hydrogen, 
which was flushed out repeatedly. The efficiency of this method of 
removing other gases has been established in a previous paper. * The tube 
was then run for some hours until the rate of diffusion was found to be 
constant. 

The rate of diffusion was determined at various pressures between 10 
and 112 atmospheres, both at 248® C., and at 400° C. Higher tempera- 
tures could not safely be used at these pressures. Under these conditions 
an accurate determination of the rate could be made in about 20 minutes. 
Measurements made with both increasing and decreasing pressures showed 
no signs of hysteresis. The results arc recorded in figs. 3 and 4, where the 
rate of diffusion D, in cm.® per second per cm.* of surface 1 mm thick, is 
plotted against the square root of the pressure. The results leave no 
doubt that over this range of pressure the square root law is accurately 
obeyed. The temperature coefficient for the diffusion of hydrogen is high, 
and the spread of the individual readings would be almost entirely 
accounted for by a variation in temperature of ± 2° C. 

The values of b and k in the diffusion equation 

D - j 

calculated from these results are compared in Table 1 with published data 
obtained at higher temperatures and lower pressures. 

This order of agreement is satisfactory and indicates that these values 
are constants for the nickel-hydrogen system and are independent of the 
origin and structure of the metal. 

♦ ‘ Proc. Roy. Soc.,’ A, vol. 155, p. 195 (1936). 
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D X io-« 



Fio. 3 — Diffusion of hydrogen through nickel at 248° C. High pressure measure- 

ments ; • low pressure measurements. 

D X 10-* 



Fk). 4 — Diffusion of hydrogen through nickel at 400° C. 


Table I— Diffusion Constants for Hydrogen-Nickel 


Author 

b 

k 

Lombard (1923) 

7,710 

2 3 X 10-* 

Dealing and Hendricks (1923) 

6,930 

0-85 

Borelius and lindUom (1927) 

6,900 

1-4 

Ham (1933) 

6,700 

105 

Smithells and Ransley 

6,630 

1-44 



Smilhells and Ransley 


Proc. Roy. Soc., A, vol. 157 , Plate 9 



Section through wall of dilTusion tube ( 200) 
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When the high pressure experiments had been completed, the rate of 
diffusion at 248° C. was determined at low pressures. For these measure- 
ments the high pressure system was disconnected, and the nickel tube 
connected to a high vacuum system. After prolonged degassing at 
400° C., the rate of diffusion was measured with hydrogen pressures 
varying from one atmosphere pressure down to 3 mm. of mercury. The 
results are plotted in fig. 5, and show the same deviation from the square 
root relation that we have described in our earlier paper. 



Diffusion of Oxygen Through Nickel — The method of measuring the 
diffusion of oxygen through nickel was described in a previous paper* 
which dealt only with the effect of temperature. The principle of the 
method was to maintain a pressure of oxygen on the outside of a nickel 
tube, the inner surface of which was carbonized, and to measure the rate of 
production of CO inside the tube. From this the rate of diffusion of 
oxygen can be calculated. The measurements were made at 900° C. on 
the same apparatus as previously described, and on three different nickel 
tubes having the following analysis : — y 


Carbon 0-012 

Iron 0-13 

Magnesium 0-04 


• ‘ Proc. Roy. Soc.,’ A, vol. 135. p. 195 (1936). 


VOL. CLVn.— A. 
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With pressures of oxygen below about 0*1 mm. the surface of the tube 
remained untarnished. With pressures above 0*25 mm. the surface was 
always covered with a visible layer of green nickel oxide. The measure- 
ments are given in detail in Table II and hg. 6 It will be seen that at 
pressures above 0-25 mm. the rate of diffusion is substantially constant, 
even up to 1 12 mm., but that below 0-25 mm. the rate of diffusion falls off. 
In the latter range the rate appears to be roughly proportional to the 
square root of the pressure, but the measurements are not of sufficient 
accuracy to establish this with certainty. 


D X 10^ 



Fra fr— Diffusion of oxygen through nickel at 900° C. 


Table II— Diffusion of Oxygen Through Nickel at 900° C. 


Tube No 

5 

5 

3 

3 

3 

4 

• 4 

4 
4 


Oxygen pressure Rate of evolution of CO 
P cc/scc./cm.* for 

mm. 1 mm. thick 

0 0012 0-22 X 10" 

0 0048 0-62 

0 025 1-32 

0-050 2 27 

0-25 3-69 

0-30 4 07 

0-57 3-92 

3-77 4-60 

112 0 4-13 


Rate of diffusion of 
oxygen 
D 

0 11 X 10" 

0- 31 
0-66 
113, 

1- 84. 

2 03, 

1- 96 

2- 30 
2 06, 


General Discussion 

The diffusion process includes two important steps : — 

(a) Passage of the gas into the metal. 

(b) Diffusion through the metal. 
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It is possible that either of these may be so slow compared to the other as 
virtually to control the rate of diffusion. 

The diffusion of oxygen through nickel at 900° C. becomes independent 
of pressure at about 0-25 mm. Above this pressure a layer of nickel 
oxide is visible on the surface Plate 9 shows a section through the wall 
of a tube that had been used for diffusion measurements. It will be seen 
that a zone rich in nickel oxide has formed to a depth of about 2x10® cm. 
below the surface of the metal. At 900" C. nickel dissolves about 1 • 1% 
NiO. The depth of this zone increases steadily because the rate of passage 
of oxygen through the surface is faster than the rate of diffusion through 
the metal. The rate of diffusion is simply determined by the difference in 
the oxygen concentration in this zone and at the inner surface of the tube, 
where it is substantially zero. Oxygen is supplied to the nickel from the 
oxide layer at a rate which is independent of the gas pressure. The gas 
pressure may influence the rate of oxidation (although even this is doubt- 
ful*) but cannot influence the rate of diffusion. T^s explanation of the 
constancy of the rate of diffusion at pressures above the critical value of 
0-25 mm. is independent of any assumptions regarding the nature of the 
reactions taking place at the gas-metal interface. At lower pressures, 
when no oxide is formed on the surface, we may assume that the rate of 
penetration through the surface is the limiting factor and that diffusion 
in the metal is comparatively rapid. In this range of pressure the rate of 
diffusion appears to be roughly proportional to \/P, and is therefore 
similar to the diffusion of hydrogen. 

Robertsf has recently given a theory of adsorption, which postulates an 
incomplete layer of adsorbed atoms the gaps in which are covered by 
adsorbed molecules. Melville and Ridcal^ have developed a formal equa- 
tion for diffusion based on this conception of the nature of the adsorbed 
layers. If the concentration of adsorbed molecules is [Hg] and the 
concentration of hydrogen atoms just inside the metal is [H], then at 
equilibrium 

-=0, (3) 

the second term being due to evaporation from the surface of pairs of 
atoms, and the third term due to diffusion through the metal. They also 
point out that 

[Hg] = k I ^ = ^6. (4) 

* See Willems, ‘ Proc. Roy. Soc.,’ A, vol. 128, p. 407 (1930). 
t ‘ Proc. Roy. Soc.,’ A, vol. 152, p. 445 (1935). 
t • Proc. Roy. Soc A, vol. 153, p. 89 (1935). 


X 2 



300 


C. J. Smithells and C. E. Ransley 


Equation (3) therefore implies that when 0=1 the rate of diffusion will 
become independent of pressure. For the nickel-hydrogen system at 
250° C., 0 : 0 9 at 200 mm. pressure,* and therefore the rate of diffusion 
should show some indication of becoming independent of pressure above 
this value. 

The theory given above is based on the assumption that the rate of 
supply of H atoms depends solely on the concentration of adsorbed 
molecules in the second layer. 

It appears to us from the present experiments, however, that the gas 
phase may have a more direct effect on diffusion than that of merely main- 
taining an adsorbed layer, since all the experimental evidence indicates 
that adsorption, as measured in the usual way, is sensibly complete at 
pressures of the order of one atmosphere. 

To explain the continued effect of pressure, it is suggested that the rate 
of diffusion at higher pressures depends mainly on the impact of molecules 
from the gas phase on the atoms adsorbed on the surface. If the imping- 
ing molecules have sufficient energy, the adsorbed atoms may acquire the 
energy necessary to penetrate the surface, and the rate of diffusion will 
continue to be a direct function of pressure even after adsorption is 
complete. 

The activation energy necessary for penetration is not known exactly, 
but for the palladium hydrogen system it is 2500 cal./mol.t It is 
certainly small compared with the total activation energy of the diffusion 
process, which for hydrogen-nickel is 26,500 cal. /mol. We may safely 
assume, therefore, that it is not greater than 5000 cal. /mol. It may 
readily be shown that at 248° C , the number of hydrogen molecules N, 
striking 1 cm.* of surface per second with an energy exceeding this value 
is sufficiently large to account for the observed rate of diffusion. For 
example, at 10 atmospheres pressure, the value of N is 1 - 3 x 10** mole- 
cules per second, whilst the observed rate of diffusion for a thickness of 
1 mm. and 10 atmospheres pressure only corresponds to 1 • 1 x 10^* mols. 
cm.*/sec. It is therefore clear that the energy necessary for penetration 
of the surface can be derived from the kinetic energy of the gas molecules. 

Assuming this mechanism, it is possible to derive a basic equation for 
diffusion of the form 

D = A{V1 +K/(P)- 1} (5) 

where D is the rate of diffusion, P the pressure, and A and K are terms 

* Oauger and Taylor, ‘ J. Amer. Chetn. Soc vol. 45, p. 920 (1923) ; Smittenburg, 
•Rec. Trav. Chun.,’ vol. 52, p. 112 (1926). 

t MelvUle and Rideal, * Proc. Roy. Soc.,’ A. voJ. 153, p. 89 (1935). 
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which include 6, the fraction of surface covered. The exact form of the 
equation depends upon the particular collision mechanisms which are 
considered. 

If all types of collision were effective, then as soon as the surface was 
completely covered (/ e , above 1 atmosphere pressure) increasing the 
pressure by means of an inert gas should increase the rate of diffusion. 
We therefore measured the rate of diffusion at 248° C. when the pressure 
was increased from 4 atmospheres of hydrogen up to 100 atmospheres by 
the addition of argon. The rate of diffusion was entirely unaffected by 
increasing the pressure in this way. This indicates that of the possible 
types of collision, only those which involve the simultaneous adsorption 
of the impinging molecule arc effective in causing diffusion. 

A simple form of equation (5) 

D = A {VI + KOP - 1 } (6) 

can be made to agree very closely with the experimental results for several 
systems, by selecting suitable values for a in the adsorption isotherm. 

The validity of the equation cannot be checked conclusively, however, 
in the absence of exact knowledge of the form of the adsorption isotherm 
under the conditions of the diffusion measurements. Adsorption 
measurements made with powders, and at lower temperatures, cannot be 
assumed to apply to sheet metal surfaces at higher temperatures. Such 
measurements must be made before the mechanism of the diffusion process 
can be established, but the present experiments serve to indicate that some 
of the energy for diffusion is probably derived from the kinetic energy of 
the gas molecules. 

In conclusion, the Authors desire to tender their acknowledgments to 
the General Electric Company and the Marconiphone Company, on whose 
behalf the work was done which has led to this publication. 

Summary 

Recent theories of diffusion, in which adsorption at the gas-metal inter- 
face was assumed to be the controlling factor, indicate that the rate of 
diffusion should become independent of pressure at high pressures. 

The rate of diffusion of oxygen through nickel at 900° C. has been 
measured and found to be independent of the oxygen pressure above 
0 ■ 25 mm. This is shown to be due to equilibrium between the concentra- 
tion of oxygen just inside the metal and the layer of nickel oxide formed 
on the surface, with which it is in contact. 
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The rate of diffusion of hydrogen through nickel has been measured 
at pressures up to 112 atmospheres, at 248° C. and at 400° C. The rate 
of diffusion is proportional to the square root of the pressure within the 
accuracy of measurement at the highest pressures. The rate of diffusion 
at 248° C. has also been determined at pressures down to 3 mm., and shows 
the usual deviation from the square root law at pressures below 4 atmo- 
spheres. 

A tentative theory of the mechanism of diffusion is advanced, which 
accounts for the continued effect of pressure after adsorption is sensibly 
complete. 


The Anomalous Scattering of Protons in Light Elements 
By E. G. Dymond, Carnegie Teaching Fellow, University of Edinburgh 
{Communicated by C. G. Barkla, F.R.S. — Received 15 May, 1936) 

By a study of the scattering of protons by atomic nuclei we can gain 
information about the interactions of these particles. For sufficiently 
low velocities of the impinging protons, corresponding to 30 electron 
kilovolts, it has been shown by Gerthsen* that they are scattered by 
celluloid according to the Rutherford law, and by hydrogen according 
to the Mott law of scattering of similar particles. At a distance of 
approach represented by this energy, the inverse square law of force 
still holds between the particles. Schneidert has investigated the 
scattering of protons of energies up to 300 e.-kv. in aluminium, carbon, 
and boron. He found a pronounced maximum in the scattering by 
boron, compared with that by aluminium, at 200 e.-kv. It is not possible 
to say whether this anomaly is due to a breakdown in the Coulomb law of 
force between the boron nucleus and a proton, -as he used thick layers of 
setter! ng material, a fact which renders the interpretation of his results 
difficult. 

The present work was undertaken with a view to checking these results, 
using sufficiently thin targets to ensure single scattering. Schneider’s 
observations have not been confirmed, although other anomalies have 
presented themselves. 

♦ ‘ Ann. Physik,’ vol. 86. p. 1025 (1928); vol. 9, p. 769 (1931). 
t * Naturwiss.,’ vol. 21, p. 349 (1933). 
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Apparatus 

The source of protons was a canal ray tube of the type developed by 
Ohphant.* This type of tube provides a beam of high intensity. The 
main accelerating tube, also of type similar to Oliphant’s, was fed from a 
voltage doubling circuit, providing steady potentials up to 200 kv. The 
accelerated protons traversed a magnetic field to separate them from the 
molecular ions and entered the scattering chamber (fig. 1) through two 
1 mm. diameter holes spaced 25 mm. apart. The maximum intensity of 



the collimated beam entering the chamber was 2 x 10“^ amperes. The 
scattering material, in the form of a thin film, was mounted in the centre 
of the chamber, on an insulated cylinder A. The major part of the beam 
traversed the film and was trapped in A, which was connected to a galvano- 
meter to measure the beam intensity. Other films were mounted on the 
periphery of A and could be brought into position by rotating A. One 
aperture, exactly similar to the others, had no film mounted on it. When 
• ‘ Proc. Roy. Soc.,’ A, vol. 141, p. 259 (1933). 
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this aperture was in position a blank determination gave the amount of 
stray scattering from the rest of the apparatus. As the protons entered 
the chamber in a beam 1 mm. in diameter, and the apertures in A were 
4 mm. diameter, this stray effect was small and never more than a few per 
cent, of the scattering from the films. 

The scattered beam entered a slit in the earthed cylinder B and struck 
C, which was connected to the grid of an electrometer valve. B and C 
could be rotated about the centre of the chamber (and scattering film) so 
that angles of scattering from 110° to 160° could be used. Initially a 
Faraday cylinder was employed instead of the plate C, in order to give a 
true measure of the proton current. This current was, however, only just 
on the limits of measurement, with the thickness of films used, so that in 
the final arrangement the cylinder was replaced by a platinum plate. One 
proton liberated many electrons from C, so that the observed positive 
current to the grid of the valve was about twenty times the proton current. 
It was found that after suitable ageing of the platinum surface this 
multiplying factor, for a given proton energy, remained sensibly constant. 
It varied, however, with the energy in a manner which could be deter- 
mined. This point will be discussed below, but it may be mentioned here 
that the method of taking observations eliminated the effect of the varia- 
tion of this factor. 

The main beam of protons also liberated copious secondary electrons 
in A, besides giving rise to soft X-rays, and photoelectrons throughout the 
chamber. It was necessary to cover the slit B with layers of aluminium 
foil of combined thickness 10 cm. to exclude slow particles (protons and 
electrons) from the collector. Also A was charged to 240 volts positive to 
entrap the slow electrons. The necessity for these precautions will be 
appreciated when it is realized that the scattered current to C was 10~^* 
amps., at most, while the electron emission from A when earthed amounted 
to about 1 milliampere. The smallest hole in the aluminium foil pro- 
tecting the collector admitted sufficient electrons to vitiate the results. It 
was possible to test whether the exclusion of electrons was complete by 
varying the potential on A. With two sound foils, prepared by the 
evaporative process, over the slit, no change in the current to C could be 
detected when this potential was increased from 120 to 240 volts. The 
latter value was accordingly used in all the measurements. 

The collector C was connected to an electrometer valve (G.E.C. electro- 
meter triode), as vibration from the neighbouring machinery rendered an 
electrometer unsuitable. The valve, together with earthing key and lead 
to the collector, were placed in an evacuated chamber to eliminate leaks 
due to X-rays. It was connected in the balanced bridge circuit described 
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by Turner and Siegelin* and with the galvanometer employed gave a 
sensitivity of 11,000 mm. /volt. It was used with the rate of drift (free 
grid) method of observation. In these conditions the limit of sensitivity 
is set by the natural drift with no proton current. This drift is com- 
pounded of two parts, that due to the grid current of the valve, and the 
drift of the bridge itself. The former, with due care, was reduced to 
l-S X 10~^* amps., and the latter, though variable, was equivalent to a 
current of about the same magnitude. The bridge drift was closely 
correlated with temperature fluctuations of the room and was traced to 
thermal expansion of the valve itself. The rest of the bridge was cither 
thermally insensitive or could be maintained at a constant temperature. 
As the natural drift only varied .slowly and could be accurately observed, 
the current sensitivity could be taken as l-O x 10~“ amps. 

The proton energy was obtained from the magnetic field required to 
bend the beam into the scattering chamber. As the defining apertures 
were small, this field was quite critical. A sphere spark gap to measure 
the accelerating voltage enabled the magnetic field to be calibrated against 
proton energy. The absolute values of the energies may be in error by 
5% or more, but their relative values should be correct to about 1%. 

The Scattering Films 

Scattering was observed in Ag, Al, B, and Be. The films were always 
prepared by evaporating on to a cellulose nitrate base which was subse- 
quently removed by solvents. The usual technique of evaporating from 
a bead placed on a coiled tungsten filament could not be applied, as 
special care had to be taken that the films were free from impurities, 
especially of heavy elements. Also it is not possible to evaporate boron 
by this method owing to the very high temperature required (2500° K.). 
All the elements used, with the exception of silver, dissolve tungsten and 
rapidly attack the filament, and under these conditions it is to be expected 
that traces of tungsten will be carried over with the vapour. In fact, 
Strongt has demonstrated the presence of tungsten lines in the spectrum of 
evaporating aluminium. As the scattered intensity varies as Z*, 0- 1% of 
tungsten in a beryllium film would contribute 40% of the total scattering. 

Accordingly, a modification of the technique described by O’BryanJ 
was used. The material to be evaporated was heated in a very small 
crucible of pure graphite by electron bombardment. The base to receive 

• ‘ Rev. SCI. Instnim.,’ vol. 4, p. 429 (1933). 
t • Phys. Rev.,’ vol. 4«, p. 136 (1935). 
t ' Rev. sci. InstniR).,’ vol. 5, p. 125 (1925). 
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the film was shielded from the filament, which was made of large size so 
that it could be run at a relatively low temperature. Tungsten con- 
tamination of the films should be very small under these conditions. 

The silver films may have contained traces of copper, but as these 
films were used as standards, presumed to give only classical scattering, 
traces of such impurities were unimportant. The aluminium was com- 
mercial wire containing probably traces of iron, of which only a very 
small fraction should have been carried over on to the film, which may be 
assumed to have been of high purity. The source of beryllium was a 
spectroscopically pure specimen (H.S. brand) from Hilger. The boron 
films alone were of doubtful purity. Carbon (as carbide) and aluminium 
are common impurities, and carbide is formed by reaction with the graphite 
crucible. It is known, however, that the carbide is considerably more 
refractory than boron itself, and should not evaporate to any large 
extent. As its nuclear charge approximates to that of boron, carbon 
should not exert a serious influence on the results. The aluminium 
impurities cannot be so lightly dismissed. The cellulose nitrate base was 
protected by a shutter while the crucible was being heated up and was not 
exposed until evaporation of the boron had already started. As this 
does not occur till about 2500° K., most of the aluminium should have 
distilled off first ; but it is not possible to be sure of this. 

The thickness of the films was computed from their optical trans- 
missions. The thicknesses were 2-3 to 3*7 x 10 • cm. for silver, 3-8 to 
6-5 X 10~* cm. for aluminium, and 10-4 x lO"* cm. for beryllium. The 
optical constants of boron are not known, but from their mechanical 
properties the boron films seemed to be of the same order of thickness. 

Results 

For reasons to be discussed below, the results in the various elements 
were referred to those in silver as standard. 

In fig. 2 are plotted the ratios of scattered intensities I/I(„ where 1*, is 
the intensity from silver, which was assumed to behave classically. The 
results for two angles 110° and 150° are shown. The probable errors 
determined statistically from the individual readings are also indicated. 
All the curves have bwn fitted at the lowest proton energy, 130 c.-kv. 

It will be seen that both aluminium and beryllium give an excess 
scattering for faster protons. In aluminium the excess is greater at the 
greater angle (closer distance of approach), while the reverse is true in 
beryllium. The maximum at about 170 e.-kv., for beryllium at 150°, may 
not be real, as may be seen from an inspection of the probable errors, 
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which arc themselves liable to error owing to the limited number of 
readings. 

For the same reason the deviations for boron, which are at most 3%, 
can be given little weight, and it would be safer to assume on the evidence 
here presented, that the scattering in boron is normal. There is no trace 
of the anomaly found by Schneider with thick layers of material. 
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Fio. 2— Curves of scattering against proton energy in aluminium, boron, and beryl- 
lium, for two angles 110° and 150°. The ratio I/lr{ of the scattering to that in 
silver IS plotted. 

Discussion 

Before discussing the deviations which have been observed, it is necessary 
to be sure that the measurements on the silver films really represent 
classical scattering. It was unfortunately impossible to measure abso- 
lutely the variation of scattering with proton energy. Before entering 
the collector the protons must first have penetrated a layer of aluminium 
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10““^ cm. thick, which was required to exclude electrons and slow protons. 
This layer scattered and retarded the beam so that the number actually 
arriving at the collector was a function of the energy of the particles. 
Further, the current to the collector was increased by secondary electron 
emission, and this increase was also a function of energy. These two 
effects were measured and attempts were made to correct the results 
accordingly, but the corrections required amounted to 30% at the highest 
energy, and as they could not be made with any degree of precision they 
could not be regarded as reliable. 

Accordingly, it was decided to treat the scattering from silver as classical 
and compare with it directly the scattering from other elements. The high 
atomic number (47) of silver makes anomalous scattering in the energy 
region explored extremely unlikely. Single scattering was assured by 
using sufficiently thin films. The thickest film was 3-7 x 10 * cm., as 
calculated from its optical transmission. For this film the Wentzel 
criterion as modified by Rose, gives 14° as the minimum angle for single 
scattering for an energy of 160 e.-kv. The smallest angle used was 110", 
so the entenon was fulfilled by a wide margin. 

Another factor which must be taken into account is the loss of energy 
of the proton as it traverses the film ; this renders the actual energy of the 
proton when it is scattered slightly uncertain. The loss, as calculated 
from the data of Blackett and Lees,* amounts to 4*3 e.-kv. for a 140 
e.-kv. proton traversing 3-7 x 10~* cm. of aluminium. The loss in 
silver may be three or four times as great, the uncertainty arising from 
doubt of the mean ionization potential of silver. As, however, the range- 
energy curve for low velocity protons is sensibly straight, this loss of 
energy will be substantially the same throughout the energy region 
explored in this investigation. We may therefore correct the scattering 
curves, by shifting the energy scales by approximately half this loss, to 
arrive at the mean energy of scattering. The scale for silver should 
accordingly be shifted by about 5 e.-kv. in a downward direction with 
respect to aluminium. 

. If this is done the slopes of the aluminium curves in fig. 2 are slightly 
reduced, but by little more than the probable errors of the individual 
points. The energy loss in the beryllium films was almost the same as 
that in aluminium, the effect of lower atomic number being balanced by 
the greater thickness of film, so that the correction is the same as for 
aluminium. It is likely that the same is true for the boron films, although 
their thickness cannot be directly estimated. 

* ‘ Proc. Roy. Soc.,’ A, vol. 135, p. 132 (1932). 
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The most conclusive evidence that these losses are not important, how- 
ever, lies in the comparison of scattering from silver films of different 
thicknesses. In a range from 2-3 to 3-7 x 10~* cm. no systematic 
variation in scattering was detected, the variation found being within the 
probable errors of the individual measurement. 

It is justifiable, therefore, to regard the deviations from classical scatter- 
ing found in aluminium and beryllium as real. Doubt arises, however, 
in the case of boron for which the evidence for any anomaly is not strong 
enough. 

These deviations are to be interpreted on a classical picture as a break- 
down in the inverse square law of force between proton and nucleus. 
The closest distances of approach for a 190 e.-kv. proton scattered at 
150° are 9-0 x 10~“ cm. in aluminium, and 2*9 x 10-^* cm. in beryllium. 
These may be compared with the values found by Riczler* to give 
anomalous scattering of a-particles. He found distances of 6 x 10~“ cm. 
for aluminium and 4-8 x t0““ cm. for boron. The “radius” of the 
nucleus towards protons would seem to be much greater. 

The more exact wave mechanical picture attributes the breakdown of 
the classical law to a penetration of the potential bamer by the impinging 
particle. The amount of this penetration can be calculated from the work 
of Gamow, using the modified formula given by Cockcroft.t It is found 
to be quite insignificant in aluminium. If we assume that the proton, 
after penetrating the barrier, is subsequently expelled in a random direction 
we can calculate the contribution of these protons to the scattering at 
180°. It IS found to be 1% of the classical scattering in beryllium and 
several times less in boron. Its influence would be more apparent in 
lithium, amounting to 6*5%. Comparison with the experimental curves 
shows, therefore, that this simple type of penetration is quite inadequate 
to account for them. 

Resonance levels for the proton in the nucleus will allow of greatly 
increased penetration, and it is necessary to presume their existence to 
account for the results. The low values required for the energies of these 
levels, especially for aluminium, are surprising. Proton levels in light 
nuclei have been detected by Hafstad and Tuve,t who gave them energies 
of 450, 400, and 300 e.-kv. in Li, C, and FI respectively. 

No indication of levels of lower energy as required to explain the 
anomalous scattering were found, but this does not preclude their existence, 
as Hafstad and Tuve could only observe levels whose occupation leads to 
disintegration. 

• • Proc. Roy. Soc.,’ A, vol. 134, p. 154 (1931). 
t * Int. Conf. Phys. London,’ vol. 1, p. 126 (1934). 
t • Phys. Rev.,’ vol. 147, p. 507 (1935). 
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The modification in the scattering brought about by resonance levels 
has been studied by Mott,* who gives a curve showing the ratio of the 
scattering to the classical value in the neighbourhood of a resonance S 
level. The first effect of increasing the proton energy is a decrease in the 
ratio I/Iej. This is the reverse of what the experimental results show so 
that we may conclude that an S level is not concerned either in aluminium 
or in beryllium. Calculations for other levelsf show that for a P level 
1 /I 5 , initially behaves in the same way, but will rise for a D level We may 
conclude, therefore, that the latter is responsible for the anomalous scatter- 
ing. This is not unlikely when we consider the large number of units of 
angular momentum possessed by the proton. It is, however, quite 
possible that two or more neighbouring levels, one of which is a D, are 
concerned. The experimental curves do not extend to high enough 
energies to discuss more fully these possibilities. The only conclusion 
which we can at present draw is that proton levels at or a little above 200 
e.-kv. exist both in the aluminium and the beryllium nuclei. 

I am indebted to the Moray Fund of the University of Edinburgh for a 
grant to defray part of the cost of the new equipment, and to the Govern- 
ment Grants Committee of the Royal Society for the continued use of 
some of the high tension apparatus. 

Summary 

Measurements have been made of the scattering of protons, 130 to 
190 e.-kv. in energy, from thin films of silver, aluminium, boron, and 
beryllium. The results arc given in terms of the ratio of the scattering in 
silver and in the other elements, as it may be assumed that silver scatters 
classically. 

It is found that at 190 e.-kv. in aluminium there is an excess scattering 
of 17 -6 ± 1-8% at 150“ and 9-7 ± 1-0% at 110“, and in beryllium 
4-4 ± 1-6% at 150“ and 13-5 ± 1-0% at 110“. Within the limits of 
probable error the scattering in boron is normal. 

• To account for these results it is necessary to assume that existence of 
resonance D levels for the proton in aluminium and beryllium in the 
neighbourhood of 200 e.-kv. These levels are considerably lower in 
energy than any that have been previously found by other means. 

* ‘ Proc. Roy. Soc A, vol. 133, p. 228 (1931). 

flam much indebted to Professor Mott for giving me the necessary data with which 
to make these calculations. 
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The Electrical Conductivity of Thin Metallic Films 
I— Rubidium on Pyrex Glass Surfaces 

By A. C. B. Lovell, H. H. Wills Physical Laboratory, University of 
Bristol 

{Communicated hy A. M. Tyndall, F.R.S. — Received 16 May, 1936) 

1— Introduction 

This paper describes measurements of the resistivity of thin films of 
rubidium, deposited on cooled pyrex surfaces by a method which allows 
the use of the conditions of purity and high vacuum possible with modern 
technique.* 

In this work, by vigorous heat treatment m high vacua, clean pyrex 
surfaces have been obtained on which stable and coherent films as thin 
as 40 A, have been produced. Conductivities have been obtained with 
a number of atoms on the surface corresponding to less than the number 
contained in a monatomic layer of rubidium ; moreover, the approach of 
thicker films to the resistivity of the bulk metal is in agreement with that 
calculated from a simple theory which takes account of the fact that the 
film thickness is less than the normal electronic mean free path in the bulk 
metal. 

In contrast with this, it may be noted that the features of previous work 
on thin films have been the complete non-conductivity of films less than 
several atomic layers in thickness, and the failure of films of many hundred 
atomic layers to approach the resistivity of the bulk metal. For example, 
Braunbekf condensed mercury vapour on a cooled surface and obtained 
films of 1000 layers in thickness, having resistivities still three times in 
excess of the bulk metal. 

In most of the previous work the films have been deposited by cathode 
sputtering which has prohibited the use of high vacuum conditions. The 
^scrcpancies which exist in the previously published work are undoubtedly 
due to the many uncontrollable effects which are unavoidably introduced 
by such methods of deposition {cf. Andrade and Martindale).!: 

♦ A preliminary announcement of these results appeared m ‘ Nature,’ vol. 137, 
p. 493 (1936). 

t ‘ Z. Phys.,’ vol. 59, p. 191 (1930). 

t ‘ Phil. Trans.,’ A, vol. 235, p. 69 (1935). 
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For a bibliography of work prior to 1928 cf. Bartlett,* In recent years 
work has been done principally by Reinders and Hamburger, f Perucca,| 
Braunbek,§ Braunsfurth,|| Zahn and Kramer.f Kramer,** and Mur- 
mann.tt 

An investigation of the effects of the substrate in the present work has 
given a probable explanation of the anomalous behaviour of thin filnis 
found by all previous workers. The nearest approach to the present low 
resistivities is in the work of Reinders and Hamburger,t who deposited 
films by evaporation from silver and tungsten wires in vacuo. ^ .Conductivities 
were observed with single layers of tungsten on the surface, but even at 
thicknesses of 400 atomic layers the resistivities were still 10 to 100 times 
in excess of that of the bulk metal, while in the case of films 40 A. thick 
(where the author’s resistivities have been only 10 times greater than that 
of the bulk metal), those of Reinders and Hamburger were as much as 
10,000 times greater. 

A theory of the increase of resistance in thin films in terms of the 
modification in the mean free path of the electrons was given by J. J. 
Thomson,tt but previously the experimental values have been much too 
high to be explained on any such simple theory, and authors have postu- 
lated various types of structure to account for their own results. The 
present results are accurately explained by a simple modification of J. J. 
Thomson’s theory of the increase in resistance to be expected when the 
film thickness is very much less than the normal electronic mean free 
path in the bulk metal. Moreover, these results are reproducible to 
within 2 or 3%, which has not been the case in previous work. 

This work on the alkali metals was suggested by the observation of 
Ives and Johnsrud,§§ that the invisible spontaneously deposited films of 
rubidium on glass were electrically conducting. Ives,|||| using an optical 
method, estimated these deposits to be of the order of one atom thick.lff 

* ‘ Phil. Mag ,’ vol. 5, p. 848 (1928). 

t ‘ Rcc. Trav. chim. Pays-Bas.,’ vol. 50, p. 441 (1931). 

t ‘ Ann. Hiysique,’ vol. 4, p. 252 (1930); ‘ Z. Phys.,’ vol. 91. p. 660 (1934). 

. § ‘ Z. Phys.,’ vol. 59, p. 191 (1930). 

II ‘ Ann. Physique,’ vol. 9, p 393 (1931). 
f ‘ Z. Phys.,’ vol. 86, p. 413 (1933), 

*• ‘ Ann. Physique,’ vol 19, p. 37 (1934). 

tt ‘ Z. Phys.,’ vol. 89, p. 426 (1934), 

tt ‘ Proc. Camb. Phil. Soc.,’ vol. 11 (2), p. 119 (1901). 

§! ‘ Astrophys. J.,’ vol. 62, p. 309 (1925). 
nil ‘ J. Opt. Soc. Amer.,’ vol. 15, p. 374 (1927). 

An account of a full investigation on the conductivity of films of this type will 
be published s^Miutely. 
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2— Experimental Tube 

In fig. 1 a defined beam qf rubidium atoms was condensed on the cooled 
pyrex surface K. The rubidium was contained in O and the beam defined 
by the pinhole P (punched in a thin glass partition G) and a square glass 
defining aperture S. S ^as cooled by 
liquid air in FF, which also stopped 
undesirable reflexion from the walls 
WW. 

The method of making contacts to 
the films IS shown in the plan view 
fig. la. The shaded part of the sur- 
face consisted of a layer of platinizing 
covered with colloidal graphite, baked 
in air at 400° C. for some hours. 

Connexion to this graphite was made 
by the platinum wires cc wrapped 
around glass projections on the side 
of J. The disposition of the pinhole, 
slit, and surface was arranged so that 
the edges of the atomic beam slightly 
overlapped the graphited edges of K, 
thus ensuring contact with the film. 

The efficiency of the contacts has 
been tested by employing different 
distances between the graphited edges. 

In all cases the experimental results 
and resistivities of the films have been 
identical. 

The surfaces K were turned flat in 
the blowpipe flame only, in order to p,o, 

avoid contamination from a tool. 

The estimation of the film thickness depends on a knowledge of the 
time of effusion of the beam through P, when the rubidium in O is at a 
constant temperature. While O was reaching temperature equilibrium 
the pinhole P was therefore closed by a steel ball D, externally controlled 
by a magnet. In no case has the leak through this shutter exceeded 2% 
of the total beam 'intensity. ». 

The electric current through the oven O was maintained constant by a 
device due to Potter. * In order to prevent condensation of the rubidium 
• ‘ J. sd. Instnim.,’ vol. 11, (3), p. 95 (1934). 
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around the pinhole, this region was maintained at a few degrees’ higher 
temperature than O by an additional series winding on the glass. 

3 — Preparation of Rubidium 

The metallic rubidium was prepared by the reduction of rubidium 
chloride with calcium metal in a separate high vacuum apparatus. After 
repeated distillations the rubidium was introduced into glass ampoules, 
which could be sealed off and stored for use. When it was required to 
introduce rubidium into the oven O (fig. 1), one of these ampoules R was 
introduced into the extension tube shown there, broken by means of the 
magnetic slug H and the rubidium distilled into O. The by-pass pumping 
lead was then removed by drawing off at the constrictions e and f. In 
this way only carefully degassed rubidium ever entered the main apparatus. 

Samples of this rubidium have been submitted for analysis to Messrs. 
Adam Hilger, Ltd., who report the following impurities: sodium 0-03%, 
potassium 0*8%, caesium 0-2%, boron 0-2%, with very slight traces of 
calcium and silicon. Of these impurities caesium is the only metal with 
a vapour pressure comparable with rubidium, and thus it can be pre- 
dicted with confidence that the atomic beam effusing through P has con- 
tained not more than 0*3% of impurity atoms. 

Prior to the breaking of the ampoule, the whole tube was baked-out 
at 500° C. for about 6 hours, and the pumping tubes thoroughly torched. 
The tube was continuously evacuated, the first stages of the bake-out 
being carried out without a liquid air trap in order to avoid condensation 
of excessive amounts of impurity. Once the bake-out is accomplished, 
the very greatest care has to be exercised to prevent the entry of mercury 
vapour into the tube. The vacuum in these tubes, measured by an 
ionization gauge, has been from 5 x 10“’^ to 5 x 10“® mm. of Hg. 

4 — ^The Intensity of the Atomic Beam 

The intensity of the atomic beam has been determined directly by 
measuring the positive ion emission from a hot oxidized tungsten fila- 
ment placed in the path of the beam. In principle the method is due to 
Langmuir and Kingdon* and (in the case of rubidium) KilUan.f The 
technique of using the oxidized filament method has been fully described 
by Powell and Mercer, t 

• ‘ Phys. Rev.,’ vol. 21, p. 380 (1923); ’ Proc. Roy. Soc.,’ A, vol. 107, p. 61 (1925). 

t ‘ Hiys. Rev.,’ vol. 27, p. 578 (1926). 

i ‘ Phil. Trans.,’ A, vol. 235, p. 101 (1935). 
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Alternativtly, the beam intensity can be calculated from the vapour 
pressure of rubidium and the dimensions of the apparatus. From the 
Kinetic Theory and the Cosine Law of Effusion the beam intensity I is 
given by 

(■) 

where r is the distance between surface and pinhole, / the area of the 
pinhole, p the vapour pressure of the alkali, M its molecular weight, T 
the oven temperature, and L Avogadro's number. 

A representative scries of dimensions are r = 15 50 cm.,/ = 0-00525 
cm.*, for rubidium M — 85 -44 so that (I) becomes 

I -- 2 661 X 10** atoms/cm.*/sec. (2) 

VT 

Owing to a discrepancy in the published data, the vapour pressure of 
rubidium is uncertain to within a factor of 2 at 100° C * A value of 
vapour pressure within 20% of that obtained by Scott would bring the 
calculations by the two methods into agreement. But it should be 
pointed out that the direct calibration camod out by the tungsten hlament 
method not only eliminates this uncertainty but avoids any systematic 
errors of measurement of temperature or of dimensions; and further it 
does not depend on the validity of formula (1). The errors in the stated 
number of atoms on the surface depend solely on the error in the cali- 
bration and are certainly not greater than 5%. 


5 — Calculation of Film Thickness from the Number of Atoms 
Deposited 

The above methods give the number n atoms per cm.* on the surface. 
The film thicknesses have been estimated by assuming that these films 
contain the same number of atoms per cm.* as the bulk metal. 

For rubidium at liquid air temperatures wc then obtain the thickness 

^ =1^x10** cm. (3) 

This assumption has been denied by various authors. However, there 
is no evidence for any variation in the case of rubidium ; on the contrary, 
the experimental results to be described are inconsistent with any such 
* VUte Scott, ‘ Phil. Mag vol. 47, p. 32 (1924); Killian, toe. clt., and Rowe, ‘ Mul. 
Mag.,’ vol. 3, p. 524 (1927). 

Y 2 
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variation. The thicknesses quoted in this paper are therefore probably 
a close approximation to the actual thickness. 

It is frequently convenient to speak of the number of atomic layers in 
a film. Brady* has defined the number of atoms per cm.* in a monatomic 
layer as No* where No is the number of atoms per cm.* in the bulk metal. 
On this definition a monatomic layer at liquid air temperatures contains 
5 06 X 10** atoms per cm.*. The definition of a monatomic layer is 
quite arbitrary and we have preferred to define it as a layer of rubidium 
whose thickness is that of the normal crystal lattice. Thus a film of 
thickness t A. contains r/5-62 atomic layers, each of which contains 
6 '41 X 10** atoms per cm.*. 


6— Measurement of Resistance 

Resistances greater than 10* ohm have been measured by a potentio- 
meter and galvanometer. With 100 volts across the film it is possible to 
detect a resistance of 10** ohm. R«istances below 10* ohm have been 
measured on a dial P.O. box. Such arrangments enable resistances to be 
measured continuously with time. 


7— The Temperature of Deposition 

The temperature of the surface K at deposition has been determined by 
placing in J either liquid oxygen or liquid nitrogen boiling under known 
reduced or atmospheric pressures. With the pumps available the lowest 
temperature obtainable was 64° K., namely, oxygen boiling at 1 - 4 cm. 


8— Attainment of Reproducible Results 

When the oven O has reached a steady temperature with liquid oxygen 
in the containers FF and J, the shutter can be opened and the resistance 
measured continuously with time. We will first discuss the anomalies 
encountered and their explanation, m order to show the rigid conditions 
necessary to obtain reproducible results. The measurements which will 
be quoted were made on a film size of 1 *55 cm. long with 1 • 35 cm. between 
the graphiting, but, as stated in § 2, the results are not in any way influenced 
by the size of this patch. The effects of contamination of the substrate 
will now be considered. 


‘Phys, Rev.,’ vol. 41, p. 613 (1932). 
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(o) Effect of Rubidium Remaining on the Surface— the curves in 
fig. 2a actually relate to the effect of CO| they may also be used to illus- 
trate other effects giving curves of the same type. A curve such as A, 
fig. la, shows the formation of a film of 3-9 layers’ (21 -8 A.) thickness, 
at 90° K. plotted as log resistance/time of deposition (which is propor- 
tional to the thickness) using a beam intensity of 3 • 18 x 10“ atoms /cm.*/ 
sec. Conductivity first became appreciable with about 0-5 layers on the 
surface and after 13 minutes the resistance had fallen to 4-6 x 10* ohm. 
The deposition was then stopped by closing the shutter at the point 
marked S on the graph, and although the surface was maintained at the 
temperature of deposition 90° K., the film showed a decay of con- 
ductivity with time represented by B As a convenient though arbitrary 
measure of this decay the decay factor AR/R will be taken, where AR 
is the increase in resistance during the first 30 minutes’ decay. 

If now the liquid oxygen in J is evaporated, the surface warms to room 
temperature and the resistance rises to «>. If, then, liquid oxygen is re- 
inserted in J, and another distillation started, one might expect a repetition 
of the previous resistance curves. But this is not so; conductivity does 
not begin until a thicker layer, the resistance after 13 minutes is higher 
and the decay of conductivity is greater (curves such as A", B"). Further 
repetitions of the process make matters successively worse. Although 
the resistance is infinite after the surface has warmed to room temperature, 
it can be shown that rubidium is still on it by the existence of a photo- 
resistance effect. In other words, when the surface is illuminated a con- 
ductivity is observed due to the liberation of photoelectrons which move 
under the potential gradient along the surface. When these nuclei of 
rubidium are present we may assume that incident atoms in a succeeding 
distillation tend to segregate around them, thus delaying the commence- 
ment of conductivity. This phenomenon in a less exaggerated form is 
considered again later in an explanation of the phenomenon of decay. 
These effects are disposed of if the surface is heated to drive off this 
rubidium between the distillations. 

(b) Effect of Rubidium Spontaneously Deposited on the Surface— 
Effects similar to the above are encountered if a distillation is performed 
after the tube has stood for some time (e.g., over night). This is due to 
the rubidium which condenses around FF during a distillation, forming 
spontaneous deposits on the surface K. This effect is disposed of by 
placing a heater in J with liquid air in FF for some hours before com- 
mencing a distillation. 

(c) Effect of Surface Impurities— W\\h a new surface at K, even after 
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the baking out process already described, consistent results could never 
be obtained until after prolonged heating of the surface K. The initial 
distillations gave graphs of type A", B", fig. 2a, improving to a limiting 
condition AB, as the heating progressed. After 40 to 80 hours’ baking at 
about 250° C., the results settled down to consistency, and after this point 
further heat treatment of the surface at this or any higher temperature 
up to 500° C. produced no change. 


(a) (*) 



Time (minutes) 

Fiu. 2--Innucncc of conuminated substrate on the formation and decay of conduc- 
tivity for films 21 8 A. thick deposited at 90° K. with beam intensity 3 ■ 18 x 10’* 
atoms/cm '/sec (a) Influence of varying amounts of CO| impurity, (ft) Influence 
of varying amounts of H,0 impurity. The decay factors are inserted at the right- 
hand side of all subsequent decay curves S — shutter closed (cessation of 
deposition). standard surface curve for companson. 

To obtain this final condition of the surface it was found convenient to 
4ieat at 250° C. for many hours, but the final state was entirely independent 
of the baking temperature. One may attribute the efficiency of this 
method of cleaning the surface to the fact that with the heater in J the 
surface is 250° C. hotter than the rest of the apparatus and at the same 
time a very high vacuum is maintained. Thus the removal of gaseous or 
volatile impurities from the surface to colder parts of the tube is facilitated 
in a way impossible during the general bake-out at 500° C. Extremely 
small quantities of gas and impurity are removed during this subsequent 
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heating as proved by the results of the following section, and also by the 
fact that this heating never impaired the vacuum. On this standard 
surface results are reproducible to about 2%, provided the precautions are 
observed respecting (a) and (b). The conditions are satisfied by always 
maintaining the surface at a high temperature until the distillation is 
commenced, and placing liquid air in FF at least one hour before the 
heater is removed from J. 

id) Artificial Production of the Observed Anomalies — Convincing ex- 
planations of the effects observed in (c) have been obtained by intro- 
ducing foreign molecules on to the surface K. Tungsten filaments placed 
in a side tube were coated with Ba(OH)a and BaCOg, so that on heating 
the filaments either CO* or water vapour could be obtained, with the 
pressure fully under control 

With the surface K in its standard condition, one of the filaments was 
heated until a vapour pressure of 10 “ mm of either COg or water vapour 
was established. This pressure was maintained for some minutes with 
liquid air in J to ensure considerable condensation of the impurity on the 
surface K. The impurity was then pumped out until the previous 
vacuum conditions were obtained and a distillation commenced. The 
results of these experiments are shown in figs. 2(o) (COg) and 2(b) 
(water). 

In both cases the initial distillations gave no measurable conductivity. 
After heating for one hour at 250" C., the surface contaminated with CO, 
gave the curve A'", B'" ; (fig. 2a) after 20 hours A", B" ; after 40 hours 
A', B', and finally after about 80 hours the original standard surface 
condition AB was reached. Further heat treatment at any temperature 
gave no further change in the reproducibility of the curve. 

The effects with water vapour are more complicated. After baking for 
one hour at 250" C. a curve A', B' (fig. 2b) is obtained decaying to an 
infinite resistance, after 20 hours A", B", and after prolonged baking the 
surface conditions became permanently changed, giving curves Ai Bi of 
lower resistance and less decay than the standard surface AB (shown 
dotted). Such a change in the surface conditions had been previously 
observed when a film about 40 A. thick held at 90° K. was accidentally 
oxidized, the vacuum being ruined for a few seconds. On heat treatment 
of such a surface it settled down to a condition which gave films more 
stable than the standard pyrex surface. It is considered to be due to the 
formation of a stable rubidium compound which soaks into the surface 
on heating; standard conditions can then only be regained by changing 
the surface at K. Films decaying to oo such as A' B' of fig. 2b had also 
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been observed in the earlier tubes before the necessity of stringent con- 
ditions of purity , and vacuum were realized. 

Every observed departure from the curves obtained on the standard 
surface has received an explanation in terms of the effects described 
above. A probable interpretation of these anomalies and of the effects 
of CO* and water vapour will be dealt with later. 

9— Measurements on Clean Standard Surfaces 

Under the conditions described above, a surface giving a standard 
result such as the curve AB for a given distillation reproduces with 
certainty. In four different tubes after the initial stages described in 
8(c) above, the measured resistivities on a given film have not differed 
by more than about 2 or 3%, whatever subsequent heat treatment has been 
given to the surface. 

After several distillations in a tube, visible quantities of rubidium collect 
around the inside of the container FF, and the possibility of stray effects 
from the rubidium already in the tube cannot be overlooked. However, 
it has been established by experiments over periods far exceeding the 
normal duration of a run, that provided the precautions outlined in (8) 
are observed, there is absolutely no contribution from any such stray 
rubidium. 

Fig. 3 illustrates measurements at different temperatures of deposition, 
using a constant beam intensity of 3-18 x 10** atoms /cm.*/sec. At 90“ 
K. conductivity first becomes appreciable at 0-5 layers, and at 64“ K. 
at 0-4 layers. The broken curves emerging from the points marked Sj 
show the decay of conductivity of films 4*4 A. thick; the shutter being 
closed after 1S7 seconds' deposition. For films of this thickness the decay 
factor decreases from 21 -5 at 90“ K. to 0*22 at 64° K. At the instant of 
closing the shutter the resistivity is 1 *79 x 10* at 90“ K. and decreases 
to 3 09 X 10“* ohm/cm. for the film deposited at 64“ K. 

The curves emerging from the points Sg show the behaviour of films 
when the deposition is stopped after 26 minutes (43-6 A. thickness). A 
summary of resistivities and decays for various thicknesses is given in 
§ 10, for films deposited with this bwm intensity. The effect of depositing 
a film of given thickness with a lower beam intensity is to increase the 
final film resistivity and the decay factor. 

The 43-6 A. film deposited at 64“ K. (fig. 3) is completely stable and 
has a resistivity of 1 -84 x 10“* ohm. cm., which according to Hackspill’s 
measurements of the resistivity of the bulk metal* is 10 times greater than 
• ‘ C.R. Acad. Sd. Paris,’ vol. 151, p. 303 (1910). 
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the resistivity of the bulk metal at this temperature. Although this 
stable film is quite invisible, the resistance has fallen to a value as low as 
30 ohm across the measured patch. With these stable films completely 
reproducible temperature/resistance graphs (fig. 8) have been obtained 
over the range to 90° K. 

In the case of these low resistances the resistance of the end contacts 
and leads becomes of importance. This resistance has been determined 
by depositing thick layers of rubidium. It was 1 - 1 ohm in the tubes 



FK). 3 — Formation and decay of conductivity for films deposited at different tempera- 
tures of deposition with beam intensity 3 ■ 18 X 10*' atoms/cm.'/sec. S == shutter 
closed (cessation of deposiUon). The curves are spread in the early stages for 
clarity, thus the points Sj should all lie on the ordinate at 1S7 sec. 

used. Data on rubidium films of greater thickness than those investi- 
gated in the present work would be of much interest, but the relatively 
high value of the resistance of the end contacts would have seriously 
limited the accuracy obtainable in the present apparatus. 

The resistivity of films of the order of 90 A. thick deposited at these 
lower temperatures approaches to S or 6 times that of the bulk metal. 
These films are still invisible but carry currents limited only by the heating 
of the end contacts (up to \ amp.) and obey Ohm’s law at these current 
densities (10* amps, per cm.*). 
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10— Summary of the Experimental Decays and 
RES isnvmES 

Fig. 4 collects the results of the measurements of the decay of con- 
ductivity given in §9, showing the decay factor as a function of the 



Flo. 4-7Decay factors as a function of the temperature of deposition for Alms of a 
given thickness deposited with beam intensity 3-18 x 10“ atoins/cm.Vsec. 
04-4 A.; 0 21-8A.;«43-6A. 

temperature of deposition for a given number of layers. These curves 
show the large decrease in decay caused by lowering the temperature of 
deposition for a film of a given thickness. At the lowest temperature 
reached (64° K.) the film 43 -6 A. thick is completely stable, whereas 
this film deposited at 71 -4° K. is stable at that temperature but begins to 
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decay at the rate 0'019 if it is raised to 90° K. A film of double this 
thicl^ess deposited at 71 ■ 4° K. is completely stable. Films much thinaer 
than these decay at all temperatures of d^sition; thus the film 21 -8 A. 
decays at the rate 0*013 even at 64° K. 

Fig. 5a is a curve of the film resistivities against film thickness (up to 
40 A.) for various temperatures of deposition. The large influence of the 


(a) (A) 



0 io 20 30 40 160 70 80 W 

Film thickness A. -+ ; Temperature of deposition ° K. 

Fio. 5— (a) Film resistivities (log. scale) as a funcuon of film thickness for difietent 
deposiuon temperatures, (h) Dependence of resistivity (linear scale), on the 
temperature of deposiuon for films of a given thickness. 

temperature of deposition is illustrated in fig. 5b which shows the depen- 
dence of resistivity on this temperature for films of a given thickness. On 
this linear scale the ordinate would need to be extended for one mile to 
include the resistivity of a 4*4 A. film deposited at 90° K. Hackspill’s 
measurements of the bulk resistivity* are drawn in for comparison. 

It must be pointed out that only a very few of the experimental points, 
viz., on figs. Sa and 5b, are determinations from stable films, and in this 
• • C.R. Acad. Sd. Paris,’ vol. 151, p. 305 (1910). 
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sense the curves are rather arbitrary, since the resistance plotted is that 
measured immediately after completing the deposition with a definite 
beam intensity. 


11 — ^Discussion. Resistivities of the Stable Films 
It seems possible to explain quantitatively the resistivities of the stable 
films by taking into account the shortening of the mean free path of the 
electrons through collisions with the film boundaries. 

The normal mean free path for a rubidium atom in the bulk metal 
can be calculated from the relation 


I _ Ne» 
p« Tmv ‘ 


( 4 ) 


where 

p« is the resistivity at temperature 0° K. 

X* = the mean free path at 0° 

N — number of electrons per cm.* = ~1 /atomic volume for the 
alkalis* 

e, m, and v = the electronic charge, mass, and velocity. 


The relation (4) follows both from the classical and quantum mechanics, 
but whereas in the classical mechanics v varies with temperature, on the 
quantum mechanics v is obtained as a constant given by 




2m I-Sti J ’ 


( 5 ) 


Using Hackspill’s measurements of the bulk resistivity, and calculating 
N from the density of rubidium at these temperatures, formulae (4) and 
(5) give mean free paths of from 1980 A. at 90° K. to 2860 A. at 60° K. 

The films considered in this work were all less than 100 A. thick, so 
that the consequent modification in the mean free path will contribute to 
the higher resistivity. 

Two hypotheses may be considered : 

(a) Elastic Collisions — If the electrons are reflected elastically from the 
boundaries of the film, and if the boundaries are parallel planes, the mean 
free path will not be directly affected through the thickness. The higher 
resistivity of the film compared with that of the bulk metal must then be 
considered as due to strain. This should give a residual resistance at 

• Evidence for this, vide R. W. Wood, ‘ Phys. Rev.,’ vol. 44, p. 353 (1933) ; Zener, 
• Nature,’ vol. 132, p. 968 (1933); Mott and Zener, ‘ Proc. Camb. Phil. Soc.,’ vol. 30, 
p. 249 (1934). 
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0° K., and the absolute change of resistivity between any two temperatures 
should be the same as that of the bulk metal. 

From Hackspill’s measurements the change in resistivity of bulk 
rubidium between 64° and 90° K. is 0*57 x 10~* ohm cm., whereas we 
find the corresponding change for a film of 43-7 A. thick is 1 -6 x 10~* 
ohm cm. The elastic collision theory must therefore be rejected. 

(b) Inelastic Collisions — If the collision of the electrons with the film 
boundaries is inelastic, then the consequent shortening of the average 
mean free path may be calculated as follows.* We make the assumption 
that the electron, after collision with the side of the film, is reflected 
in a direction independent of the angle of incidence. Since the thickness 
is very much less than the normal free path, it is unlikely that an electron 
will make two consecutive collisions without coming into contact with 



Fio. 6. 


the film boundaries. In this case, every free path may be considered as 
beginning or ending on a side of the film. 

Consider an electron suffering a collision at O (fig. 6) on a side of the 
film AB; then the next collision may occur at some such point O' on 
another side of the film A'B' after a free path x. Also those electrons 
reflected at an angle greater than given by cos <f>o = t/X# (where X* is 
the normal free path in the bulk metal), will be able to pursue the normal 
free path X, without collision with the film boundaries. 

If we assume that a large number q electron paths start from O, then 
since their directions are uniformly distribut ed throu ghout a hemisphere, 
the number between the two cones ^ and ^ is 9 sin ^ d<f>, so that 
the average path X' is given by 

X' = i j** X . ^ sin ^ X, . 9 sin ^ . d^ j , 

where for ^ = ^0. and x = //cos^, cos ^0 - tjV^ so that 

x' = r[n-log^]. 

* The idea that the mean free path could be affected by the thideneas of the film is 
due to J. J. Thomson, * Proc. Camb. PhU. Soc.,’ vol. 11, p. 119 (1901). 



326 


A C. B. Lovell 


Thus the final expression for the resistivity of a film of thickness / cm., 
at temperature 6° K., in terms of the normal free path X« at that tempera- 
ture is 


_ 2mv 1 _ 2mv 1 

^ Ne*‘X' Ne»*/(1 +log X,//]- 


( 6 ) 


Substituting now the value of v and X« given by the quantum relations 
(4) and (S), one obtains the dotted curve in fig. 7 for the temperature 70° K. 



Fiq. 7 — ^Theoreucal ( ) and experimental resistivity /thickness curves. — # — 

film deposited at 64“ K.; — G— O— film deposit^ at 70“ K.; — x— x— film 
deposited at 77° K. 

The corresponding experimental results are shown as circles and full 
lines for deposition temperatures of 64° K. and 70° K. (The difference 
in the theoretical curves for these temperatures is too small to illustrate 
in the figure.) It will be seen that there is an excellent quantitative 
agreement between them above a certain film thickness. It is not neces- 
sary to assume that the agreement really breaks down for thinner films. 
The departure of the curves in the initial stages may be explained by the 
observed fact that the actual films are “ decaying ” to some slight extent 
at these thicknesses. This is supported by the curves running together 
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earlier for the lower temperature where these thinner films are more 
stable, as already discussed in the previous section. The curve shown by 
crosses in fig. 7 is the resistivity of a film deposited at 77° K. and shows 
the lack of agreement for the case when the film is known to decay at all 
thicknesses. 

Fig. 8 shows the resistivity /temperature curves for the final state of the 
films whose formation is shown in fig. 7. 



Temperature ° K. 

Fio. 8— Resistivity /temperature graphs for stable films, {a) For a film 43 7 A. thick 
deposited at 64“ K.; (6) for a film 87’4 A. thick deposited at 70“ K. — O— G — 
experimental; theoretical. 

12— Discussion of the Phenomenon of the Decay of 
Conductivity 

The decay of conducti\ity is almost certainly not due to re-evaporation 
of rubidium atoms, since the vapour pressure of rubidium at 90° K. is of 
the order of 10“" mm. of Hg. Moreover, the variation in magnitude of 
the decay under different conditions has to be explained. 

It appears possible to obtain a qualitative explanation of decay by 
taking account of the surface tension forces. In a rubidium drop with 
a radius of 10 A, these forces are of the order of 30 tons/in.*, which is of 
the same order of magnitude as the ultimate tensile strength of carbon 
steel. 

It follows that if any crack exists in the film it will tend to widen. 
The widening will be resisted by the force with which the rubidium adheres 
to the glass surface (/.e., by the surface tension forces at the rubidium 
glass interface), and the rate at which the crack widens depends upon the 
mobility of the rubidium atoms over their neighbours. This decreases 
as the temperature of the surface is lowered (I.e., the mechanical rigidity 
of the material of the film increases). 
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Except at low temperatures and on very clean surfaces, the widening 
proceeds so rapidly that the film breaks up into little islands or aggregates 
of metal on the glass surface. With the best conditions, however, the 
gaps will be filled up before they widen too much. We assume that a 
uniform film once formed is stable, so that there is no tendency for a crack 
to form if there is not one there already. In fact, provided the film is 
continuous, the surface tension forces can only act so as to diminish any 
small inequalities of thickness if they exist initially. This explains the 
complete stability of films such as the film 43 -6 A. thick (§9) deposited 
at 64° K., remaining stable at 90° K.. although a film of this thickness 
deposited at 90° K. would decay considerably. 

The high resistivity of the unstable films is then to be associated with 
cracks. According to modern theory, electrons can cross a crack of 
several A., though such a crack would have a high resistance. 

If the deposition is in progress the decay is counterbalanced to some 
extent by the increasing size of the aggregates tending to bring them closer 
together. When the deposition ceases, the rate of decay is initially 
comparatively large, and then (except in the case of films decaying to 
infinity, see § 8 (d ) ), the rate of decay decreases with time. This is to be 
expected since as the aggregates increase in size, the surface tension forces 
are reduced, and are more equally opposed by the rigidity of the material 
of the film which exists at that temperature. At a given temperature of 
deposition the decay is greater for thinner films. This is to be expected 
on the above assumptions. 

The effect of the condition of the substrate dealt with expenmentally 
under 8 (in particular figs. 2a, 2b) is then to be explained in terms of the 
influence of impurities on the surface tension forces at the rubidium 
glass interface. It is seen that minute amounts of impurity on the sub- 
strate give rise to a large break up with consequent high resistivities. 
This is undoubtedly the cause of the anomalies which have been observed 
by previous workers on thin films. In these cases the importance of the 
cleanliness of the substrate has not been fully realized, and it seems possible 
that the substrate has always contained a certain amount of impurity of 
the type which causes a decay of great rapidity with consequent high 
resistivities, as reproduced artificially in the present work m §8 (lO* 
It appears that in the majority of this previous work, this decay may have 
been so rapid that the intermediate stages of decay have not been observed, 
and the final state of the decayed film has been taken as its true resistance 
value. 

This hypothesis of decay leads to an explanation of the effect (described 
in §8 (a)) of rubidium remaining on the surface although it is non- 
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conducting. At some temperature above 90° K. when the surface is warm- 
ing to room temperature the films have been observed to jump quickly to 
an infinite resistance. In this case the forces tearing apart the film have full 
play since at these higher temperatures the rubidium atoms possess a large 
mobility the film is now non-rigid), and the rubidium remains on the 
surface in the form of completely isolated aggregates. Such aggregates 
would normally evaporate quickly at room temperature, but equilibrium 
is set up through the rubidium which has collected in the region of the 
aperture S during a distillation, and is then no longer held there at liquid 
air temperatures. 

When the deposition is carried out with a lower beam intensity the 
supply of atoms to the aggregates is slower, so that the tendency for the 
aggregates to increase in size will have less counterbalancing effect on 
the break up. This results in higher resistances and greater decays. 

In the case of the more stable layers the efFect of the beam intensity 
b^omes less, and for a temperature of deposition low enough for 
mobility over the surface to be completely arrested, the rate of deposition 
would be expected to have no influence on the film resistivity. Such a 
temperature has not yet been attained since even in the case of the lowest 
temperature 64° K., the earliest layers decay very slightly. In this case, 
however, the final effect of this early decay must be very small, since 3-9 
layers are already stable at this temperature. 

Somewhat similar phenomena of break up in thin films have been found 
by other investigators, e.g., Andrade and Martindale"' in films of silver 
and gold when heated to several hundred ° C. Moreover, the shrinking 
of the aggregates postulated here to explain the decay would give electron 
diffraction photographs corresponding to larger crystal sizes. These 
ideas receive strong support from the work which has been done on the 
structure of other thin films using electron diffraction methods. Kirchnert 
investigated various substances and found increasing crystal sizes on 
beating the films, on further deposition and, in some cases, spontaneously 
on cessation of the deposition. Gen, Zelmanoff, and Schalnikoif^ found 
a growth in crystal size on heating the films. Cosslett§ has also observed 
the same type of break up in thin films of indium. 

The author is greatly indebted to Dr. E. T. S. Appleyard for suggesting 
the problem, and for his constant supervision and encouragement ; and 

• • Phil. IVans.,’ A, vol. 235, p. 69 (1935). 
t • Z. Phys..’ vol. 76, p. 576 (1932). 
t • Phys. Z. Sowjet,’ vol. 4, p. 825 (1934). 

§ Unpublished work in this laboratory. 
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to Professor N. F. Mott for help in the theoretical treatment. He also 
wishes to record his thanks to Professor A. M. Tyndall for his interest 
in the work, and to the D.S.T.R. for a Maintenance Grant. 

13— Summary 

The paper describes measurements of the resistivity of thin films of 
rubidium deposited on cooled pyrex surfaces by a defined atomic beam. 
By employing high vacua and working under stringent conditions of 
purity with rigorous preheating of the surface, results consistent to 
within 2 or 3% have been obtained. 

It is shown that minute amounts of impurity on the substrate give rise 
to anomalous results of the type obtained by all previous workers on 
thin films, and an explanation of these anomalies is suggested. 

Conductivity has been observed with films of only 1 A. in thickness. 
Normally, the films showed a decay of conductivity with time after cessa- 
tion of the deposition; but this decay decreased with increasing film 
thickness and with a lowering of the temperature of deposition. At the 
lowest temperature so far used (64“ K.), this decay was inappreciable at a 
thickness of 25 A. Films of thickness greater than 40 A. were so stable 
that their temperature coefficients have been determined. The thickest 
film investigated (90 A.) was still invisible but obeyed Ohm’s Law up to 
current densities of at least 10* amp. /cm.*. 

The resistivity of a 40 A. film was 10 times greater than that of the bulk 
metal, whereas previously the lowest resistivity obtained in metallic films 
of this thickness has been 10,000 times greater. 

The variation of resistivity with thickness and temperature for these 
stable films is in quantitative agreement with a formula derived by simple 
quantum mechanical treatment. 

The phenomenon of the decay of conductivity is discussed in terms of 
a break up of the film under surface tension forces. 
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The Spectrum and Photochemistry of Carbon Suboxide 

By H. W. Thompson (Fellow of St. John’s College, Oxford) and N. Healey 
(Exhibitioner of St. John’s College) 

{Communicated by C. N. Hinshelwood, F.R.S. — Received 22 May, 1936) 

Measurements of the spectra, fluorescence, and photochemical decom- 
position of aldehydes and ketones containing the chromophoric carbonyl 
group are already extensive and well known. There is, however, one 
compound of the same type, possessing a unique structure, which has so 
far received little attention. This substance, carbon suboxide, is accord- 
ing to the electron diffraction measurements of Pauling and Brockway,* 
linear, and may be written 0=C -C=C— O. It thus contains solely a 
combination of C^--0 and C=C linkages, the chromophoric and physical 
properties of each of which have already been investigated experimentally. 
In addition, the electronic structures and energy levels of these groupings 
have been studied recently by theoretical methods.f 

We have therefore examined the absorption spectrum and photo- 
chemistry of this pentatomic molecule. Since it is gaseous at room 
temperatures, carbon suboxide has obvious experimental advantages; 
on Ac other hand, its tendency to polymerize thermally under ordinary 
conditions introduces complications into the photochemical measure- 
ments. The thermal decomposition of the substance was recently 
described by Klemenc, Weehsberg, and Wagner, { which adds interest to 
the present work. 

The present paper deals primarily with the spectrum and fluorescence 
data. After beginning our measurements, we noticed a paper by Badger 
and Barton§ on the main features of the absorption spectrum. Since 
our results are not in agreement with theirs, it will be necessary to explain 
Ae differences more fully below. 

• ‘ Proc. Nat. Acad. Sci., Wash.,’ vol. 19, p. 860 (1933). 

t Mulliken, ‘Phys. Rev.,’ vol. 40, pp, 49, 751 (1932); vol. 43, p. 279 (1933); ’ J. 
Chem. Phys.,’ vol. 1, p. 492 (1933); vol. 3, pp. 375, 506, 514, 517, 573, 586, 645 (1935); 
and particularly * J. Chem. Phys.,’ vol. 3, pp. 564, 720 (1935) ; Eastwood and Snow, 

• Proc. Roy. Soc.,’ A, vol. 149, p. 446 (1935). 

t ‘ Z. phys. Chem.,’ A, vol. 170, p. 97 (1934). 

S ‘ Proc. Nat. Acad Sa., Wash.,’ vol. 20. p. 166 (1934). 
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Experimental Method 

The carbon suboxide was first prepared by dehydrating malonic acid 
with phosphorus pentoxide at high temperature. The yield was poor, 
and the product was subsequently obtained pyrogenically from diacetyl 
tartaric anhydride.* Likely impurities in the latter method are carbon 
dioxide and acetic acid. The latter was removed fairly satisfactorily by 
means of water condensers and ice-traps, and the former by repeated 
fractional distillation. The presence of small traces of either of these 
two impurities in the final product would not materially affect the measure- 
ments, since neither compound absorbs in the spectral region involved. 

The presence of small traces of sulphur dioxide in the final product is, 
however, more serious, especially since this substance has a very high 
extinction coefficient and may reveal itself in the absorption spectrum 
even though only present in small amount. Our earlier photographs 
showed bands remarkably like the well-known near ultra-violet bands of 
sulphur dioxide. Removal of all rubber connexions from the apparatus 
used for the preparation by using an all-pyrex glass arrangement decreased 
the intensity of these bands markedly, but did not completely remove 
them. The residual sulphur dioxide was found to arise from sulphuric 
acid used in the early stages of the preparation, namely, in the condensa- 
tion of acetic anhydride with tartaric acid. The condensation was there- 
fore carried out using a little concentrated hydrochloric acid as condensing 
agent. The refractionated product then obtained gave a spectrum free 
from the characteristic sulphur dioxide bands. 

The purity of this product was tested by measurements of its vapour 
pressure, the experimental method being that described by Thompson 
and Linnett.t The data, which agree well with those of Stock.J are 
as follows; — 


t°C -36 0 -7 0 0 4-9 13 0 

pmm. .. . 127-1 460-1 595-4 712-4 948-1 


The* interpolated b.p. is 6-8° C, and the Trouton Constant X/T^ is 19-6. 
This may indicate slight, but not pronounced, association in the gaseous 
phase. The results can be represented by the equation : 

logioP=--^p + 7-13. 

* Hurd and Pilgrim, ‘ J. Amcr. Chem. Soc.,’ vol. 55, p. 757 (1933). 
t ‘ Trans. Faraday Soc.,’ vol. 32, p. 681 (1936). 

} * Ber. deuts. chem. Ges.,’ vol. 50, p. 498 (1917). 
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For the spectral measurements three instruments were used : a Hilger 
E.315 quartz spectrograph covering the region 2000-7000 A., and of 
dispersion ca. 12 A. /mm. at 3000 A.; a quartz Littrow spectrograph 
giving 4 A./mm. at 3000; and a concave grating with Eagle mounting 
giving 5 A./mm. 

The column of absorbing vapour was 20-100 cm. in length (glass tubes 
with quartz ends cemented on) and pressures 20-800 mm. were used. 
The continuous source was a hydrogen discharge tube. 

The fluorescence was examined by the method previously described 
by Thompson and Linnett.* 


Results 

1 — Preliminary Measurements — ^In agreement with the results found for 
other compounds containing the carbonyl chromophore, carbon sub- 
oxide shows two regions of absorption in the ultra-violet. At low pres- 
sures the first region extends from 330G-2400A., with a maximum at 
ca. 2700 A. ; the second region extends from ca. 2200 A. to shorter wave- 
lengths. At higher pressures this second region is developed to longer 
wave-lengths so as eventually to overlap the former, giving continuous 
absorption from ca. 3200 A. to shorter wave-lengths. The second region 
of absorption is entirely continuous, but the former is composed of 
bands between 3300-2800 A., with an overlapping continuum at the 
short-wave end. 

This region of absorption between 3300-2400 A. requires primary and 
more detailed consideration. It is well known that this charactenstic 
region of carbonyl absorption is m general associated with a relatively 
low extinction coefficient. In agreement with this, our earlier experi- 
ments showed that in order to obtain satisfactory absorption it was 
necessary to use columns 50-100 cm. in length with pressures 200-800 
mm. of vapour ; even then the absorption was not strong. This appeared 
to be in partial disagreement with the work of Badger and Barton, who 
obtained convenient absorption in a IS-cm. column with pressures 100- 
600 mm,, and it suggested the presence in the product used by Badger 
and Barton of a small amount of impurity of high extinction coefficient. 

As already explained, our preliminary photographs showed the main 
features of the characteristic absorption of sulphur dioxide. This was 
traced to the causes given above. We then noticed that the wave- 
lengths of the strong bands given by Badger and Barton agreed very 
closely with the strong bands of sulphur dioxide. In Table I are given 


‘ J. Chem. Soc.,’ p. 1452 (1935). 
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(1) wave-lengths in A. of the most intense sulphur dioxide bands given 
by Watson and Parker.*, (2) approximate wave-lengths of the most 
intense sulphur dioxide bands measured separately by us on a comparison 
spectrogram, (3) the values given by Badger and Barton for the strongest 
bands of carbon suboxide. 

Table f 


(1) 

(2) 

(3) 

3131 5 

3131 

3130-3 

3108 

3107 

3106-9 

3087 

3087 

3086 

3065 

3064 

3064 8 

3042 5 

3041 

3042 

3021 

3022 

3020 2 

3001 

3000 

3000-2 

2981-5 

2981 

2979 2 

2961 

2961 

2959 4 

2939 

2939 

2938-2 

2923 

2922 

2921 7 

2902 

2903 

— 

2887 5 

2886 

2887-9 

2867 

2867 

2865 5 

2853 

2852 

2851-7 


The agreement between these data is such that there seemed little 
doubt that the bands described by Badger and Barton were in reality 
due to traces of sulphur dioxide present as impurity, the high extinction 
coefficient of this substance causing them to be developed strongly. More- 
over, the feebler bands described by Badger and Barton appearing between 
the main bands correspond closely with those describwl in the detailed 
analysis of Watson and Parker. 

There are several additional independent arguments which substantiate 
this view, of which three may be given: 

(1) The vapour pressure of our product was measured and agreed 
. closely with the accepted value, and gave a correct b.p. 

(2) At low pressures two regions of absorption are detected in the 

ultra-violet. Badger and Barton make no reference to the inter- 
mediate transparent region, which may have been masked by 
sulphur dioxide absorption. 

(3) The wave-lengths of the bands observed by us and given below, do 
not agree with those of Badger and Barton; in particular we have 


‘ Fhys. Rev.,’ yol. 37. p. 1484 (1»31). 
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observed bands to wave-lengths as long as 3300 A., whereas the 
longest wave-length band of these authors was 3200 A. 

2 — The Spectrum — The arrangement of bands observed with carbon 
suboxide is depicted in fig. 1. 

The nature of the bands is such that the wave-lengths given may be in 
error by ± 2 A. The intensities shown are not quantitatively accurate, 
and are only judged visually and shown in this way in order to make 
possible interval relationships more obvious. It is seen that in passing 
from longer to shorter wave-lengths there is first a series of about ten 
narrow bands between 3380-3250 A. These are almost equidistantly 
spaced andare completely diffuse, showing no signs of rotational structure. 
Between 3250-2910 A. there is a somewhat complicated arrangement of 
bands. The principal feature of this is the occurrence of intense pairs of 
diffuse bands (marked A, A', B, A", C, etc.), each pair being separated 
by ca. 100 cm.~^. Interspersed among these strong band-pairs are feebler 
pairs with smaller separation {ca. 50-70 cm."^). Some of the feebler bands 
show definite signs of structure. For a few bands {e.g., at 3185 A.) it is 
impossible to say whether there is a narrow doublet or a group of very 
close lines crowded together to give the appearance of a single band. At 
wave-lengths shorter than ca. 2910 A. the bands become so crowded and 
overlap to such an extent that it has not been possible to measure them. 

The nature of the pyrogenic method of preparing the carbon suboxide 
suggested that acetone or keten might be present as impurity, and give 
bands in the same region. In addition to considerable independent 
evidence against either of these possibilities, the bands given do not agree 
in wave-length with those of acetone,* or of keten.f 

3 — The Fluorescence — Attempts were made to excite visible fluorescence 
of the carbon suboxide by irradiation with lines of the mercury lamp. No 
fluorescence could be detected. The addition of small amounts of carbon 
suboxide to fluorescing acetone quenched the fluorescence of the latter. 
This phenomenon is similar to that described earlier for acrylic aldehyde, t 
The absence of fluorescence may be thought to imply dissociation as a 
primary act associated with the electronic excitation, but this cannot be 
regarded as certain. 

4 — The Energy Levels of the Molecule and the Analysis of the Spectrum — 

* Noyes, Duncan, and Manning, ‘ J. Cbem. Pbys.,’ vol. 2, p. 717 (1934). 
t Norriah, Crone, and Saltmarsh, ‘ J. Chem. Soc.,’ p. 1533 (1933). 
t Thompson and Linnett, loc. cU. 
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The energy levels of the molecule may be conveniently discussed under 
three headings: {a) electronic, {b) rotational, and (c) vibrational. 

(a) The nature of the spectrum of carbon suboxide does not provide 
conclusive evidence with regard to the excited electronic levels. The 
region of absorption at ca. 3000 A. is common to all carbonyl compounds 
and the excited level associated with this region is presumably of the same 
type as is involved with aldehydes and ketones. The introduction of a 
system of conjugated double linkages into a ketone or aldehyde molecule 
has been found to displace this region somewhat towards the red. It is 
therefore interesting to find that in the present case of double linkages 
without conjugation the region of absorption is “ normal ”. If the bands 
observed between 2800-3300 A. are associated with the same electronic 
level as the overlapping continuum, it would be natural to infer an elec- 
tronic level at ca. 2700 A. (37000 cm. ^ or 4 - 6 volts), the maximum of this 
continuum. The results, however, seem rather to suggest that there are 
two independent close electronic levels, one (A) associated with the band 
system at ca. 31000 cm.“^ (3 -8 volts), and another (B) with the continuum 
at CO. 4-6 volts. The double nature of most of the bands of level A 
probably arise from resonance between the vanous vibrations rather than 
from a doublet electronic level. 

The continuous absorption which extends from ca. 2200 A. to shorter 
wave-lengths may involve electronic excitation either in a C -O or C=C 
linkage, this level lying at ca. 47,000 cm.~^ (5 -8 volts). 

It is probable that the ground state of carbon suboxide is a singlet 
level. In order to provide reasonably strong combination, the excited 
level A corresponding to the band system might therefore also be expected 
to be singlet. 

Carbon suboxide appears to be a particularly suitable molecule for 
consideration by the theoretical method of molecular orbitals, developed 
by Mulliken and used by Eastwood and Snow.* Predictions of the type 
and relative positions of the electronic levels in this way would be valuable. 

{b) Some predictions about the rotation levels may be made from the 
known interatomic distances in the molecule. According to Pauling and 
Brockway (/oc. cit.), the molecule is linear, and the C=C distances are 
1 -3 A., and the C— O 1 - 2 A. For the moments of inertia then, Ia = 0 
and Ib = If, — 3-97 x 10 “ gm. cm.*. The interval between successive 
rotation lines in a band will then be of the order /i/47i*I, i.e., 015 cm.~^. 
The instruments used in the present work could hardly be expected, there- 
fore, to resolve the rotational structure in the bands if it really existed. 


* See reference to Mulliken. 
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The diffuse nature of the bands cannot therefore in itself be taken to imply 
a process of predissociation. 

(c) Considerably more can be said in regard to the vibration levels of 
the molecule. This linear pentatomic molecule possesses (3/i — 5) 
internal degrees of freedom for vibration. The frequencies of these 
vibrations might best be derived from a study of the Raman and infra- 
red spectra. Unfortunately, neither of these has been measured. Con- 
siderable experimental difficulties might make a study of the Raman spec- 
trum unprofitable, for illumination of the vapour with an intense source 
for the long period required would undoubtedly lead to rapid decom- 
position and polymeriaation. The heavier nature of the molecule than 
those containing lighter atoms such as hydrogen may, too, lead to a dis- 
placement of the infra-red spectrum to wave-lengths outside the photo- 
graphable region. If, however, the third harmonic of the unsymmetrical 
vibration (say 2500 cm.“S see below) could be excited, or if there were a 
coupling of this level with others, the absorption might be displaced to 
ca. 11.000 A. A search is being made in this region. 

Theoretical considerations of the magnitude of the various frequencies 
are, however, both possible and useful. The (3/i — 5) = 10 vibrations 
are represented diagrammatically in fig. 2. There are four valency 
vibrations (s), v, {s), v, (a), and V4 (a), and three deformation vibrations 
(^)« and ( 5 ), each of the latter being doubly degenerate. The 
deformation vibrations would a priori be expected to have lower fre- 
quencies than the valency vibrations. 

The vibrations depicted each satisfy the required conditions of normal 
vibrations, such as symmetrical or antisymmetrical character.* 

On the basis of the known force constants of the C=0 and C=C link- 
ages, it IS now possible by regarding the molecule as a system of mass- 
points subject to simple harmonic motion and neglecting the forces 
between non-adjacent atoms, to calculate approximately the values of the 
valency vibration frequencies. 

We require first to know the force constants of the C=C and C=0 
linkages. The former can be estimated by consideration of either the 
symmetrical or unsymmetrical carbon dioxide vibration. In the first 
case (fig. 3o) we have, 



therefore Cj = 47t* . v,* . w,. 

• See Dennison, ‘Rev. Mod. Phys.,’ vol. 3, p. 280 (1931); Mecke, ‘ Leipziger 
Vortrige,’p.23(1931); Teller, ‘ Hand -u. Jahrb. chan. Phys.,’ vol. 9 (2), p. 98. 
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According to Sponer,* 

V. = 1336 cm.-» - 4-0 x 10“ see."* 
and 

/m, = 2*64 X 10 “ gm., 

ti/UoripA 

c, = 16-7 X 10® dynes/cm. 

O— > — •— > • — 4— • <-0 vi(?) 

4-0 •-> • <-• O-^ v,(j) 

4-0 • > < • ^ 4-0 v,(a) 

4-0 •-> • > < 0 A(fl) 


r 

5- 




%{.a) 

1 — S w 


T 


4. 


In the second case (hg. 3b), 

Y 

where 


'2TrV 


I* 

{* nti 2^’ 
c, = 4n« . v,» . 


nti 




OTj -|- 2/^)1 

Sponer, “ Moldculspektren," vol. I. Springer, 1935, pp. 75, 89, 
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According to Sponer, 


and 

whence 


V, = 2350 cra.Ti = 7 05 X 10*» scc.-^ 

/Ml = 1 -98 X 10~“ gm., /M| = 2-64 x I0~“ gm., 
c, = 141 X 10® dynes/cm. 


Sidgwick* gives 11-9 x 10® as the value of this force constant, but 
his value was determined from considerations of the vibration frequencies 
of formaldehyde and may be less accurate. Of the two values worked 
out above, it must be remarked that the symmetrical frequency may be 


(a) 



Fio. 3. 


less accurately known than the unsymmetrical one. We shall therefore 
take c, = 14-1 x 10®. 

For C==C it is easiest to consider the totally symmetrical ethylene 
vibration of fig. 3c. Since C— H linkages may be regarded as remaining 
fairly rigid during the vibration, we can write approximately 


where 

and 


I 

[A 


According to Sponer 



(nti + 2m^ (nil + 2m,)’ 

Cl — . V* . ji. 


V = 1623 cm.-® = 4-869 x 10“ sec."® 
Sidgwick, “ The Covatait Link,” p. 123, Cornell, 1933. 
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and 

whence 


[i — 1-155 X 10"“ gm.. 

Cl = 10-8 X 10®. 


Sidgwick gives 9-36 x 10® for this. 

In order to simplify the problem it is now best to consider first fre- 
quencies vj (s) and vj (s) of fig. 2, shown in fig. 4. If the vibrations are 
symmetrical and fulfil the requirements of normal vibrations, the dis- 
placements of the particles will also be symmetrical as shown by -l-x, —x, 
—y, the convention being to measure displacements to the right as 
positive. 


c, < , V, c. 



t't c, 0 , c, 
Fio. 4 


Suppose that ~ ^ VP- There will be then two values of p to give 

the two required frequencies. We can then write equations for the restor- 
ing forces acting on each particle as follows : 


and 

whence 

and 


F, - - pw,x = - c,x - c,(x - 
F, = - pwjy ' y), 

X (ci + cj - pmO -- Cty, 
xic^ = yica- p/Mj). 


( 1 ) 

( 2 ) 


In order that these two equations be simultaneously true, 


that is, 


(ci + Cl — Pmi), — c. 

Cl , (Pm,-c,) -0, 


4- £l -{- ill -f- = 0. 

will /Mifw, 


Introducing the above values for Ci, c,, mi, m„ and solving, we find that 
P = 16-13 X 10“ or 1 -80 X 10”. This gives for the frequency v values 
2130 cm.“^ and 730 cm."^ respectively. It can be seen at once that 
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vj = 730 and v, = 2130. This can be checked by evaluating the xly 
ratio for each value of p ; in one case the ratio is positive, and in the other 
it is negative. We may therefore take as approximate values (;) = 750 
and V, (j) = 2150. 

Consider now the two vibrations v, and V 4 shown again in fig. 5. 



c, c, c, 
Fio. 5. 


Let us suppose as before that v — ^ Vp and let the displacements of 

the three mass-points be z, jf, and y. Then considering the restoring 
forces in a vibration, and with the same sign conventions as before, 


F, -- - pm, . z = — 2ctiz - jt) 

F, = - p/Wi . X ^ Cl (z - X) — i'i (X - y), 
and 

F, ---= - P/M, .>» = c,(x 
Rewriting, we have, 

2ciX -t- (P/M, — 2c,) z = 0 

(fl + C* - P/Wi) X-C^~CiZ^ 0, 

c,.x + (P/M,-c,)y-0. 

In order that all three equations may be simultaneously valid, 
2ci , 0 , (p/M, -2c,) 

(c, + c, - p/Mj, -c, , -Cl 

c, , (P/Mj-C,), 0 


and 


whence 


£i + £i4 -^U 

l/M, /M, /Mil 


l/M,/M, nil* f 


-0 

0 . 


There are three roots to this cubic, of which one is seen to be 
and the other two given by the quadratic 


( 1 ) 

( 2 ) 

( 3 ) 


P = 0, 


l/Mi/M, nil* f 


( 4 ) 
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The first root p == 0 gives at once from (1), (2), and (3) that x = y z, 
and V = 0, and implies simply a translational displacement of the entire 
molecule without vibration. 

Substituting the above values for Ci, Ci, m^, and m, in (4) and solving 
as before, the roots are p = 20*95 x 10“ and p — 7*8 x 10“, giving 
frequencies 2430 and 1450 respectively. These are respectively v, (a) and 
V* (a) of fig. 3. (Although xjy is negative in each case, for v, we find jc/z 
is negative, and for v^, x/z is positive.) 

The same result is attained if we pre-suppose that the centre of gravity 
of the molecule remains fixed in space, since in this case, 

httiX 2m^ f /WjZ = 0, 

that is. 

Combining equations (5), (1), and (3), equation (4) is obtained, the roots 
being as before. 

To summarize then, we have, approximately, = 750, vj = 2150, 
vj = 2450, and v* = 1450. The frequencies of the deformation oscilla- 
tions may be expected to be smaller in magnitude. By comparison with 
the data for other analogous compounds,* and making allowances for 
the difference in the nuclear masses, we might expect to find values in the 
present case of 200-600 cm.“^ This falls into line with the values just 
given. We might, further, expect 8, < < ^i- 

For the present purpose of interpreting the ultra-violet absorption 
bands it is now necessary to consider how the above frequencies will be 
modified m the excited electronic state. Duncanf has recently summarized 
much of the existing data about this; in general, the excited state fre- 
quencies are somewhat smaller than those of the ground state, although 
frequently the difference is slight. 

Even with the help of all the above data, both experimental and 
theoretical, no conclusive interpretation of the vibrational structure of 
the band system can be given. It is nevertheless reasonable to attempt 
to draw any likely correlations between the two respective sets of data. 

The “ origin ” of the system is not obvious. Since at room tempera- 
tures very few higher vibrational levels in the ground state are excited, 
we should expect (provided that the 0—0 transition is observed at all) 
the origin to lie at the long-wave end of the band system. Owing to the 
ease of thermal decomposition and polymerization of carbon suboxide, it 

• See Mecke, " Hand -u. Jahrb. chem. Phys.,” p. 319. 
t ‘ J. Chem. Hiys.,’ vol. 3. p. 384 (1935). 
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is experimentally impracticable to raise the temperature sufficiently to 
cause any marked excitation of vibrational levels in the ground state, 
which might be revealed in the structure of the spectrum, and give a clue 
to the 0—0 band. At the long-wave end of the band system (3380- 
3250 A.) appears, the senes of narrow diffuse bands already referred to, 
on the longer wave side of the pair A. These bands arc all fairly strong 
and do not appear to decrease in intensity towards longer wave-lengths 
in a pronounced manner. 

Two features of the system are marked: (1) with one or two possible 
exceptions all the bands to shorter wave-lengths than A (3252 A.) occur 
in pairs, and (2) there are two distinct sets of pairs, in one the pair separa- 
tion being ca. 100 cm.'^ and in the other 50-70 cm. If the double 
bands were to be explained by a doublet electronic level, it seems likely 
that the separation of all pairs would be the same. We may therefore 
suppose that the pairs arise from some resonance phenomenon between 
the vibrations, which is not surprising in view either of the molecular 
structure of the molecule or of its many normal vibration frequencies. 
For the purpose of the following attempt at analysis we shall regard the 
centre of each pair as the wave number of the pair. 

Table II 


Suggested interpretation calc. 


v,+ 8,(j) 30937 

V.+ «.(J)+ 8,(fl) 31087 

V, + 8x (fl) 31237 

V, + 8i(a) + 8,(0) 31387 

v. + vi(i) 31537 
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Table 11— (continued) 


Desig- 

V obs. 

Interval 



nation 

cm'‘ 

between 


V 



pairs 


Suggested interpretation 

calc 

ai 



61 

V, + Vi (Jf) + 8» (5) 

31777 

B 


90 


V, (- V.(fl) 

31924 

*1 



52 

V. r V, (j) 1 8,(<j) 

32077 


ss;-- 


63 

V, + V, (5) f 8i (a) 8, (a) 

32227 

A" 


105 


V# i- 2vi (a) 

32377 

«j 

32573 1 

32626 1 


53 

V, + 2v, (jr) 1 8, (s) 

32617 

Cj 



64 

V, |-2v,(») i 8,(») 1 S,(fl) 

32769 

C 


98 


V, -h V. (0 

32857 

d 

-33005 


— 

V, r v,(t) i 8, la) 

33007 

A'" 

33257 ) 

101 


V, t-3v,{A) 

33217 


33318 

33346 1 


56 


- 


' 33429 
33468 1 


78 

V 1 3v,(j) 1 8,li) 

33457 


”569 '33597 
33626 1 


57 

V, 1 3v,(v) 1 8,(i) + 8, (a) 

33607 


55694 ' 33723 
33752 1 


58 

V, 1- 3vi (j) 1- Sj (a) 

33757 


55852 ' 33884 
33936 ) 

104 



- 


other pairs of 
bands to shorter 
wave-lengths 


At first sight the spectrum between A(30697 cm. and A" (32384 cm.“^) 
appears to be reproduced between A" and 33900 cm *, but closer examina- 
tion of the various intervals suggests that this is really accidental. Taking 
the pair A as corresponding to the origin of the system, a satisfactory inter- 
pretation of the system can, however, be given. 

On this basis it is natural first to correlate the intense band-pairs, each 
having a wider separation of ca. 100 cm.~^. We see at once a fairly good 
agreement between the A-A', A'-A", A"-A"'. intervals, each being ca. 
840. The other pairs are interpreted as given in Table II. The scheme 
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suggests valency vibrations in the excited state of ca. 840, 1227, and 2160. 
The less intense and closer pairs are then regarded as small deformation 
vibrations superposed upon the former, and of values ca. 150, 240, and 
540. The latter are assigned to «t 2 {a), S, (j), and S, (a). 

This scheme of energy levels in the excited state cannot at all be regarded 
as proved, but it has several advantages 

(1) The frequencies suggested by it are, assuming little change occurs 
on electronic excitation, close to what would be expected on the basis of 
the above calculations. Thus, 



Calculated 

Observed 

V,(i) . . 

750 

840 

V*(S) 

2150 

2160 

vafa) 

. . 2450 

— 

V, (tf) . . . 

. . 1450 

1227 

8i(«) . 

• • 1 

540 

a, (a) . .. . 

, <750 

150 

fiAs) ... . 

.. ) 

240 


(2) The band-pairs associated with valency vibrations alone are 
uniformly split to a greater extent than band pairs associated with deforma- 
tion vibrations. Although no explanation of the difference is immediately 
obvious, there does therefore appear to be a differentiation between the 
two types. 

(3) The most prominent valency vibration excited vi(.i) is totally 
symmetrical, in agreement with the rules of Herzberg and Teller.* 

(4) The scheme of energy levels is symmetrical within itself, and with 
very few exceptions the observed and “ calculated ” band frequencies 
^iven in Table II agree well within experimental error. 

On the other hand, there arc several difficulties. 

(а) The origin of the system chosen above may be wrong. 

(б) It IS difficult to interpret the bands to the long-wave side of A. 

• (f) The scheme does not show coupling of the deformations with the 
v« (a) and v, (s) valency vibrations to the same extent as with the (s) 
vibration. This may, however, arise from a superposition of such bands 
with the mam bands, e.g., [v, + v, (s) + (a)] would lie very close to 

the strongly observed band [v, + 3vi (j) + (j)]. 

((/) We should expect to find the smaller deformations excited in the 
ground state, and find transitions from such levels. It is, however, possible 


* Z. phys Chem.,’ B, vol. 21, p. 410 (1933). 
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that their feebleness causes them to be masked, for none of the bands can 
be regarded as strong. 

It is hoped that measurements on the infra-red spectrum will give more 
definite evidence 

5.— The Photochemistry — As already explained, the absence of fluores- 
cence and the diffuse nature of the bands in the region 3000 A cannot be 
regarded as a conclusive proof of a primary process of prcdissociation. 
Illumination of carbon suboxide with the light of a mercury arc leads 
predominantly to a polymerization and little decomposition, but this 
will be described more fully in a later paper 

We arc grateful to The Royal Society for a grant, to Dr. W. Jevons and 
Dr. D. A. Jackson for the loan of apparatus, and to Dr. H. Kuhn for 
helpful discussions. 

Summary 

The ultra-violet absorption spectrum of carbon suboxide has been 
measured. It is composed of both banded and continuous regions. 
With a view to analysis of the band system, the frequencies of the normal 
valency vibrations of the molecule have been calculated, on the basis of 
the force constants of the linkages involved. A scheme of energy levels 
for the molecule is suggested which is supported by many considerations. 

Attempts to excite fluorescence were unsuccessful Preliminary con- 
siderations of the photochemistry of the substance are given. 

The data on the spectrum are in disagreement with those given recently 
by Badger and Barton. 


A z 
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The Formation of Ethers by the Interaction of Primary 
Alcohols and Olefines at High Pressure 

By D. M. Newitt and G. Sfmerano 
{Communicated by W. A Bone, F.R S. — Received 21> May, 1936) 

Although It IS known that olefines will condense with phenols in the 
presence of catalysts to give aromatic ethers, and that tertiary olefines 
will react with aliphatic alcohols in a similar manner, no corresponding 
reaction between the simple olefines and aliphatic alcohols has hitherto 
been reported. In some recent work upon the slow combustion of 
olefines at high pressures, however, wc have detected ethers m the pro- 
ducts in circumstances suggesting that they arise from the direct inter- 
actions of the olefine with alcohol produced during the combustion; 
and on testing the matter further it has been found that in the presence 
of a suitable catalyst and at high pressures ethylene, propylene, and buty- 
lene will combine with aliphatic alcohols in the vapour phase, the reaction 

+ ,.O.C, (1) 

being reversible and slightly exothermic with respect to ether formation 
At temperatures between 200" and 300" C. and pressures of about 50 
aims., all three components of the system are present in measurable 
quantities at equilibrium and the equilibrium constant can be determined 
by approach from either side. 

In the present paper the results are given of experiments with ethylene, 
propylene, and butylene, and a number of the lower aliphatic alcohols, 
the equilibrium constants for the system alcohol-olefine-ether having 
been determined in each case. 

An account is also given of the secondary reactions in which the alcohols 
and olefines take part. 


Experimental Procedure 

In outline the method employed was to allow the alcohol and olefine 
to react, usually in stochiometric proportions, in the presence of a 
catalyst and for a time sufficiently long to allow of equilibrium conditions 
being substantially reached, and then to make a complete analysis of the 
products. 
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The apparatus used is shown diagrammatically in fig. 1. It consisted 
essentially of a cylindrical steel reaction vessel A, of 500 cc. capacity, 
containing the catalyst and maintained at constant temperature by means 
of an electric furnace which entirely surrounded it. The liquid reactants 
were forced by means of compressed nitrogen from the container B, 
through an inlet valve into A. The gaseous reactants were then added 
separately from their respective storage cylinders and the inlet valve 
closed. After an interval sufficiently long for equilibrium substantially 
to be reached the products were released through a reducing valve V 
and were cooled and condensed in one or more glass containers D. Any 
gaseous products or adventitious nitrogen were collected in a gas holder. 



measured and analysed. The partial pressures of the reactants and the 
total pressure of the system were indicated by the gauge M, and the 
reaction temperature was measured by a platinum/platinum-rhodium 
thermocouple placed in a tube running axially through the reaction 
chamber. 

The Catalyst 

The principal constituent of all the ratalysts employed was an active 
form of alumina prepared by precipitation with carbon dioxide from a 
dilute solution of sodium aluminate. To this was added the phosphate 
of one of the metals of Group III in the proportion of 2 parts by weight of 
alumina to 1 part by weight of phosphate. The mixture was moistened 
with water, a little alundum cement was added, and the resultant paste 
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pressed into pellets and dried at 300“ C. These catalysts proved very 
efficient in respect of the alcohol-olefine reaction and maintained their 
activity unimpaired over long periods. At the same time, however, they 
accelerated a number of secondary reactions of which the most important 
were the following resulting in the dehydration of the alcohol, namely, 

, OH ^ + HaO (2) 

2C„H2„ , OH . O 4 HjO. (3) 

Polymerization of the olefines occurred only to a slight extent 
Whilst olefine formation by dehydration could be partially suppressed 
by the use of sufficiently high pressures, both the above reactions always 
proceeded to equilibrium, and considerable quantities of ether formed by 
dehydration were always found in the products. 

The equilibrium constants of reaction (3) have been determined experi- 
mentally for ethyl alcohol between 215” and 250”, but not at higher 
temperatures. For propyl and butyl alcohols no data are available owing 
to the fact that dehydration normally proceeds almost entirely by reaction 
(2). By working at high pressures, however, the difficulties arising from 
excessive olefine formation may be largely obviated, and since a know- 
ledge of the constants for all three alcohols is required for interpreting 
the results of the alcohol and olefine reactions this determination was 
undertaken as part of the present investigation. 

Analyses oe Alcohol-Ether-Water Mixtures 
The products from reactions (1) and (3) contained ethers, alcohols, 
olefines, and water vapour in varying proportions. The method of 
analysis was first to remove the water by a suitable dehydrating agent 
and then to salt out the ethers from the residue by means of a saturated 
sodium chloride solution The ethers and alcohols were then separated 
by fractional distillation and were identified by means of their boiling 
points, refractive indices, and densities. The procedure was briefly as 
follows : the contents of the reaction vessel were passed into a glass bulb 
into which was sealed a graduated neck and a condensing coil (D, fig. 1) 
cooled by means of solid carbon dioxide and ether. The dimensions of 
the bulb were such that it was almost completely filled by the condensate. 
The condensate was weighed and an approximately equal quantity of pure 
anhydrous potassium carbonate added. The tube was then stoppered 
and the contents allowed to stand for some 12 hours with constant 
shaking. Sufficient of a saturated potassium carbonate solution was 
then added to force the dehydrated alcohol-ether mixture up into the 
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graduated neck where, after standing for some time in a thermostat, its 
volume was measured. The potassium carbonate solution was then 
replaced by a saturated sodium chloride solution together with a small 
quantity of solid sodium chloride. After well shaking and allowing to 
stand for some hours in a thermostat, the volume of separated ethers was 
measured. The volume of alcohol was then obtained by difference. 
Corrections were necessary (a) for the slight solubility of alcohol and 
ether in the potassium carbonate solution, (b) for the solubility of ether 
in the sodium chloride solution, and (e) lor the contraction in volume due 
to the admixture of alcohol and ether. 

The separation of the ethers was effected by careful fractional dis- 
tillation using a long column packed with Lessing rings. The various 
fractions were redistilled and the ethers identified by comparison of 
their vapour pressures, densities, and in some instances viscosities with 
authentic specimens prepared in the laboratory Where the quantities 
of secondary ethers were too .small to admit of complete separation they 
have been grouped together The alcohols were also separated by 
fractional distillation, the purity of the fractions being confirmed by their 
refractive indices and vapour pressures; the normal secondary and iso- 
alcohols were identified by preparing their 3-5 dinitrobenzoate derivatives. 

EXPfcRIMENm WITH rt-BUTYL Al.COMOI S 

1 — Equilibrium in the System 2C4H,OH (C 4 Hg)aO HjO at 250“' C 
— Before studying the reaction between butyl alcohol and the olefines, a 
determination was made of the equilibrium constant of the dehydration 
reaction giving rise to dibutyl ether For this purpose either the pure 
alcohol or an equimolecular dibutyl ether-water mixture was intnxluced 
into the previously heated reaction vessel, up to a total pressure of 12 
atms., and the temperature was maintained constant at 25ff’ until equili- 
brium was reached. The prtiducts were then rapidly withdrawn and 
analysed. 

The analysis of the equilibrium mixtures approached by decomposition 
and by synthesis, respectively, are given in Table I. 

Table 1 

By decomposition By synthesis 

gm. gm 

Butyl alcohol 0 355 0 300 

Dibutyl ether 2-279 1-928 

Water 0-270 0 224 

from which Ke equals .... 11 3 11-5 

Mean =114 
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The equilibrium constant corresponds with a conversion of alcohol to 
ether of 87-5%. 

During both experiments, some dehydration to butylene occurred, the 
quantity formed representing of the alcohol decomposed. It was 
also noted that the n-butyl alcohol in the equilibrium mixture contained 
small quantities of wo-butyl alcohol probably formed by the rehydration 
of butylene. 

2— Reaction with Ethylene— \t 50atms. pressure combination occurred 
between the alcohol and ethylene at a measurable rate at temperatures of 
240° C. and upwards. Above about 265° C , however, considerable 
quantities of butylene were formed by the direct dehydration of the 
alcohol and the mixed ethers resulting from the olefine-alcohol reactions 
began to undergo thermal decomposition. The optimum temperature 
for their formation and survival under our experimental conditions was 
about 250° C. At this temperature and with a 1 : 5 alcohol-olefine 
mixture at 73 atms. total pressure reaction occurred rapidly and was three- 
quarters complete in about 1 hour. A further 4 hours’ heating were 
required, however, before equilibrium was finally attained. The com- 
position of the anhydrous liquid products is given in Table JI. 

Durmg the course of the experiment, butylene and iso-butylene were 
formed, the composition of the residual gases being : ethylene = 94 • 1 
and butylenes - - 5-9 gm. mols. %. 

All the.se products result from the operation of reactions (1), (2), and 
(3) as follows’ 


1 (1) (C,H «),0 

.X ^ • C : CH, — -> C«H, . O . C(CH*)3 

(a) -HjO +H,0 

r u nw Ui'O C,H, . CH : CH* C,Hs . CH(OH) CH* 

+C.H. 

C4H,.0.C,H5 


HjO 

(/>) (1) C,H4 + H ,0 . C3H5OH (C 3 H ,),0 


(ii) CaHjOH + C3H4 ^ (C,H ,),0 


The predominant reactions were those resulhng in the direct dehydration 
of the alcohol to the corresponding ether or isomeric olefines. Thus 
taking into account the butylene formed it was found that 49-9 gm. mols. 
% of the alcohol used went to form dibutyl ether, 40-8 to butylene, and 
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9 - 3 to ethyl-butyl ether. At the same time some hydration of the ethylene 
to ethyl alcohol with subsequent dehydration of the alcohol to diethyl 
ether also took place. The formation of .secondary butyl alcohol and 
secondary dibutyl ether resulted from the hydration of the butylene. 

In spite of the number of compounds present in the equilibrium mixture 
it IS possible to obtain from the analytical results an approximate value 
for the equilibrium constant of the system butyl alcohol-ethylenc-ethyl 
butyl ether. For example, there were present in the equilibrium mixture 
1 -74 gm. of ethyl butyl ether, 1 -31 gm. of butyl alcohol and 17 19 gm. 


Table II 


Dibutyl ether 
Ethyl-butyl ether 

Ethyl alcohol 

Secondary dibutyl elhcr 
Normal secondary dibutyl ether 
Normal tertiary dibutyl ether 
Secondary butyl alcohol 
Ethyl ether 


gm mol. % 
65 0 
24 1 
6 1 

24 

I 6 
0 8 

100 0 


of ethylene, from which K, = C.,h r/C,i„*oi x Cihyicuu 1 ’6. This value 
of the constant indicates that starting with an equimolecular alcohol- 
olefine mixture at 250° C a 46*3% conversion of alcohol to ethyl butyl 
ether is theoretically possible. 

3 — Reaction with Propylene — Propylene reacted readily with butyl 
alcohol and with water liberated by the direct dehydration of the alcohol 
to give mainly wo-propyl derivatives. No n-propyl ethers and only 
traces of n-propyl alcohol were found in the products. 

An equimolecular n-butyl alcohol-propylene mixture at 20 atms. and 
251° reacted slowly, equilibrium being reached after the lapse of some 7 
hours. The composition of the anhydrous liquid products are given in 
Table III. 

The gaseous products consisted, as before, of butylenes and unreacted 
propylene. 

llie results show that dehydration of the alcohol occurred to a con- 
siderable extent and that much of the propylene was hydrated giving 
Iso-propyl alcohol and wo-propyl ether. Of the alcohol used up only 
10-4% was accounted for as iso-propyl butyl ether. 

By analysis the equilibrium mixture was found to contain 4 -39 gm. of 
butyl alcohol, 4-67 gm. of iso-propyl butyl ether, and 4-37 gm. of pro- 



354 D. M. Newitt and G. Semerano 

pylene, giving a value of 6 • 5 for the equilibrium constant of the alcohol- 
oiefine-cther system at 251°. 

Experiments with /i-Propyl Alcohol 

1 — Equilibrium in the System 2 CjHyOH 5=^ (CsH?)*© + HgO — ^Two 
determinations of the equilibrium constant for the dehydration reaction 

Table III 

gm. mol. % 


Dibutyl ether ... ... 64 9 

/jo-propyl butyl ether . . 21-6 

Di-/jo>propyl ether. 19 

Secondary dibutyl ether 1'6 

Normal tertiary dibutyl ether 0 8 

Normal secondary dibutyl ether ... 1-6 

/ro-propyl secondary butyl ether .... 14 

/io-propyl alcohol 5 4 

Propyl and /so*butyl alcohols 0-8 


100 0 

to ether were made at 250" C., and a pressure of 10 atms., the composition 
of the equilibrium mixture as approached by decomposition and by 
synthesis being given in Table IV, 

Table IV 

By decomposition By synthesis 
gm. gm. 

Propyl alcohol 0-395 0 452 

Propyl ether 1-940 2230 

Water 0-392 0 444 

from which K, equals ... 9-3 95 

Mean == 9-4 

During these experiments very little decomposition to propylene took 
place, the gaseous products representing only 2 -5% of the alcohol de- 
composed. The value of the equilibrium constant corresponds with a 
maximum conversion of alcohol to ether of 86%. 

2 — Reaction with Ethylene — At 253° C. an equimolecular propyl 
akohol-ethylene mixture at 50 atms. reacted slowly, giving principally 
the dehydration product of the alcohol together with ethyl propyl ether. 
With a similar mixture at 295° the reaction was consideraUy accelerated 
and a greater proportion of the alcohol underwent dehydration to propy- 
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lene. The distribution of the alcohol consumed in the two experiments 
was as follows : — 

At 253“ C. At 295" C. 


By dehydration to propyl ether ... 68*4 18 -8 

„ propylene 7 3 77-0 

By addition of the olefine to give ethyl propyl 
ether 24-3 4-2 


The effect of increase of temperature is perhaps best shown by a com- 
parison of the anhydrous liquid products m the two cases, Table V. 


Table V— Products as om. mols % from Reactions 



At 253" C. 

At 295“ C. 


gm. mol. % 

gm. mol. % 

Dipropyl ether 

51 0 

50 5 

Ethyl propyl ether 

36 3 

230 

Ethyl /jo-propyl ether 

1 9 

8 2 

Ethyl ether 

1 3 

13 8 

Propyl lio-propyl ether 

0 5 

4 5 

Ethyl alcohol . 

9 0 

Nil 


100 0 100 0 


It will be seen that with increased temperature there was a greater 
tendency for ijo-propyl derivatives to be formed, although the total amount 
of mixed ethers decreased by 7%. Also, whereas at 253° C. hydration of 
the ethylene resulted mainly m the formation of ethyl alcohol, at the higher 
temperature it gave ethyl ether only. 

From the analysis of the equilibrium mixture at the two temperatures 
the equilibrium constants for the system propyl alcohol-ethylene-ethyl 
propyl ether are K„(253") =1-54 and K, (295°) = 1-23, corresponding 
with theoretical conversions of alcohol to mixed ethers of 46 ■ 5 and 41 -5% 
respectively. The change of K, with temperature indicates that the 
reaction is slightly exothermic with respect to ether formation. 

Experiments with Ethyl Alcohol 

1 — Equilibrium in the System 2C|HftOH ^ (C,H5)|0 + H|0 at 266° C. 
—Several attempts have been made to measure the equilibrium constants 
for the above system at temperatures between 215° and 275° with results 
summarized in Table VI. 

Of these results the value of 275° C., determined by Pease and Young, 
is almost certainly too low. The remaining figures, whilst showing better 
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agreement, are not entirely satisfactory. Thus, if 5700 calories are taken 
as the most probable value of the heat of hydration of ethyl alcohol and 
K (215°) = 1 1 • 1 is used as a basis of calculation, then the values of 228“ 
and 250° would be 9-5 and 7*48 respectively. 



Table VI 

Temperature 

"C. 

K 

Authors 

215 

11 1 

Jatkar and Watson 

220 

10 0 


228 

7 0 

„ 

250 

8 0 

Clark, Graham, and Winter. 

275 

0-66 

Pease and Young. 


Wc have determined the constant at 266° and 10 atms. approaching 
equilibrium by decomposition and synthesis. The compositions of the 
two equilibrium mixtures are given in Table VII. 

Table Vll 

By decomposition By synthesis 
gm. gm 

Ethyl alcohol 0-745 0-655 

Ethyl ether 2-118 2 610 

Water 1-290 0 799 

Troni which K« equals 7-8 7 7 

In neither experiment was more than a trace of ethylene found in the 
products. The mean value of the constant corresponds with a maximum 
conversion of alcohol to ether of 84 '7%. 

Reaction with Ethylene — have been able to confirm this value from 
the results of an experiment in which an equimolecular alcohol-ethylene 
mixture at 50 atms. was allowed to react at 267“ until equilibrium was 
substantially reached. The composition of the resulting mixture was: 
ethyl ether = 0-0273 gm. mol., ethyl alcohol — 0-0093 gm. mol., 
ethylene ~ 0- 1450 gm. mol., and water = 0-0253 gm. mol. From these 
figures the equilibrium constant (K, = C,tii«r x C««tn/C*iirohoi) is 8-0, 
a value agreeing reasonably well with the previous determinations. 

The difference between the amounts of ether and water in the equili- 
brium mixture, namely 0 - 002 gm. mol., gives a measure of the ether formed 
by the direct interaction of eth^ene and alcohol and corresponds with 
a maximum conversion of alcohol to ether by this reaction of 46%. 
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2 — Reaction with Propylene — The rate of reaction between ethyl 
alcohol and propylene was too slow to be readily measurable at 250“. 
At 270-5“ C., however, it proceeded more rapidly and starting with a 
1:3-3 alcohol-propylene mixture at 44 atms. equilibrium was reached in 
about 10 hr. The composition of the anhydrous liquid products is 
given in Table VIII. 

Table VIH 

Product as gm mol. % 

Ethyl ether 92 1 

Ethyl /j<>-propyl ether . . ... 2-8 

Ethyl propyl ether ... 0-8 

7ro-propyl ether . . . . 0-2 

7jo-propyl alcohol ... .... 41 

Taking into account the ethylene formed by dehydration the products 
correspond with the following distribution of alcohol: 

To diethyl ether ... 97 -5gm. moJ. % 

To ethylene 0-5 „ 

To propyl and wo-propyl ether 1-9 

It is evident from the above results that dehydration of ethyl alcohol 
took place much more readily than with either propyl or butyl alcohol. 
As in previous experiments, hydration of the propylene occurred simul- 
taneously and resulted in the formation of iso-propyl derivatives. No 
n-propyl alcohol could be detected in the products and only relatively 
small quantities of ethyl propyl ether were formed. 

The equilibrium mixture contained 0-60 gm. of ethyl iso-propyl ether, 
0-17 gm. of ethyl propyl ether, 5-0 gm. of propylene and 3-31 gm. of 
ethyl alcohol, giving a value of 1 -0 for the equilibrium constant at 270-5“ 
C. 

. Summary 

The equilibrium constant for the system 

2C,H„+iOH ^ (C,H,,^i)»0 4- HA 
has been determined for ethyl, propyl and butyl alcohols with the follow- 


ing results : 

K = Qithpr X C< 

Alcohol C*,acohoi 

Ethyl alcohol 7-75(266“) 

Propyl alcohol 9-40(250“) 

Butyl alcohol 11-40(250“) 
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At pressures of 10 aims, and upwards, and in the presence of suitable 
catalysts, ethylene and propylene combine with ethyl, propyl, and butyl 
alcohols to give the corresponding mixed ethers. TTie reaction is always 
accompanied by some direct dehydration of the alcohol and by partial 
hydration of the olefine to produce, in the former case, the corresponding 
ether and in the latter the alcohol. 

The equilibrium constants for the system 

OH + ^ . O C„ 

have been determined in a number of instances with the following 
results : 

Ethylene Propylene 

Alcohol % conversion % conversion 

Kj of alcohol to K, of alcohol to 

mixed ethers mixed ethers 

Ethyl alcohol .. . 1 54(267") 46-5 1 0(270 5") 38 0 

Propyl alcohol 1-54(253") 46-5 — 

„ 123(295') 41-5 — — 

Butyl alcohol 160(250") 45-0 6 5 (250") 68-5 
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A Critical Experimental Investigation of the '* Force” 
Method of Determining the Dielectric Capacity of 
Conducting Liquids at Low Frequencies : Univalent 
Electrolytes in Aqueous Solution 

By W. J. Shutt, D.Sc., Lecturer in Electro-chemistry, and H, Rogan, 
Ph.D , the Muspratt Laboratory, The University, Liverpool 

{Communicated by W. C. M Lewis, F.R S. — Received 26 May, 1936) 

The theories of Debye, Onsager, and Falkenhagen, stressing the con- 
nexion between the dielectric constant and the other properties of solutions 
of electrolytes, have focussed a considerable amount of attention on the 
problem of the accurate determination of the dielectric properties of 
conducting solutions. The results, however, of work published by 
various investigators during the past few years show wide discrepancies 
and, in fact, it can hardly be said that even the sign of the effect of electro- 
lytes upon the dielectric constant of water has yet been established with 
any degree of certainty. That the results have been so unsatisfactory t$ 
not altogether surprising in view of the inherent difficulties of the problem ; 
the system itself is a complicated one, consisting of simple water dipoles, 
the polymers dihydrol and trihydrol, and the solute molecules or ions 
dispersed throughout the liquid; furthermore, the experimental technique 
IS frequently complicated by the requirement that the dielectric constants 
shall be determined at frequencies low enough to permit of computation 
of the maximum possible polarization of the system, including the rotational 
polarization of all polar molecules which may be present. 

Methods involving the direct determination of the capacity of a con- 
denser containing the liquid, whether by capacity-bridge or by resonance, 
are rendered difficult or inaccurate through the poor capacity sensitivity 
of such systems in presence of an appreciable ohmic conductivity between 
the condenser plates. This difficulty is minimized by the use of very high 
frequencies, and a considerable amount of work has been carried out 
under these conditions by Wien, Rbver, Falkenhagen, and others in 
connexion with the theory of strong electrolytes. The need has arisen, 
however, for the values of the dielectric constants of solutions of large 
polar molecules such as long-chained amino acids, polypeptides, and 
soluble proteins. Such substances have considerably enhanced periods 
of relaxation, and proportionately low frequencies of alternating current 
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must be employed to avoid loss of the orientation polarization of the 
system. In the case of pure egg-albumin solution, dispersion of hertzian 
waves occurs at all frequencies above about 10® sec.~^.* In view of this 
difficulty it seemed desirable that a thorough investigation should be 
made into the question as to whether precision results might be obtained 
from some general method which uses comparatively low frequencies of 
alternating current. The “ force ” method theoretically developed by 
Fiirth,t m 1924, seemed the most promising. Various modifications of 
this method have been used by many workers, unfortunately, however, 
with by no means concordant results, so far as conducting solutions are 
concerned. It consists broadly in the determination of the force exerted 
upon an ellipsoid, mounted to rotate about one of its minor axes, in a 
liquid dielectric across which an alternating field is applied in a direction 
at right angles to the axis of rotation of the ellipsoid. For such a system 
Furth has shown that the torque on the ellipsoid may be expressed by 
EE®sin20A, where t represents the dielectric constant of the liquid, E 
the potential gradient, 6 the angle between the major axis of the ellipsoid 
and the direction of the field, and A a constant involving the dimensions 
of the ellipsoid. This form of Furth’s equation applies only so long as 
the resistance of the liquid dielectnc is high relative to that of the ellipsoid 
itself. 

It has been suggested by CohnJ that the Fiirth method is unsuited to 
the absolute determination of dielectric constant, although quite satis- 
factory as a comparison method, furthermore, under these conditions, 
the ellipsoidal form of suspended body is quite unnecessary, any con- 
venient shape being equally reliable. Nevertheless, it was felt that a 
wide divergence from the form of the ellipsoid would bring in several 
factors of uncertain significance, and the original form of apparatus has, 
as far as possible, been maintained in this work. Preliminary experiments, 
however, soon indicated that the passage of any part of the moving 
system through the liquid-air interface was a weak point in the Fiirth 
design. The torsional force of the electric field on the ellipsoid is so 
minute that any irregularities in surface tension at the point of penetration 
of the liquid surface are sufficient to vitiate the results, and laborious 
precautions are necessary to maintain perfection of surface. To avoid 
this difficulty, the apparatus was finally constructed so as to allow of 
complete immersion of the moving system, including the whole of the 
quartz fibre suspension. This mode of construction extended the range 

• Errera, ‘ J. Chim. phys.,’ vol. 29, p. 577 (1932). 

t • Z. Phys.,’ vol. 22, p. 98 (1924); vol. 44, p. 256 (1927), 

t * Phys. t.; vol. 32, p. 687 (1931). 
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of the method to a wide variety of liquids, and it was possible to examine 
even solutions of proteins — substances which orientate at the surface of 
the liquid to form a semi-solid layer.* 

Experimental 

Apparatus— -The form of cell finally adopted is shown diagrammatically 
in fig. la. It consisted essentially of an open-ended quartz cylinder AB, 


L 



Fto. 1. 

6 cm. in diameter, and 2-S cm. in length; to this was attached the vertical 
tube AC and the bent tube BD used for filling and evacuating the cell. 
A length of capillary tubing, EF, was inserted into BD to break the force 
of the incoming liquid and avoid undue disturbance of the suspended 
system OH. The latter consisted of a platinum ellipsoid G (ca. 9 mm. 
long and ca. 0 ■ 8 mm. thick) drilled through one of its minor axes and spot- 
welded to a fine platinum-iridium wire, which passed through the hole 
in the ellipsoid and formed a means of attachment for the stainless ^teel 
mirror H and the lower end of the quartz fibre, shown at H. For some 

* Ramsden, * Z. phys. Cbem.,’ vol. 47, p. 336 (1904). 

2 B 


V(»« CLVn.— A. 
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time the mirror was directly cemented to the platinum-iridium wire, but 
this type of suspended system was found to be extremely fragile in use, 
and the rigidity of the weld at the ellipsoid was a matter of some doubt ; 
in consequence, the system was modified to the form shown in fig. \b. 
The wire was cut short, to within a few millimetres of its lower end and 
slipped into a fine glass capillary tube, which could be fused rigidly to 
the body of the ellipsoid itself. The upper end of the capillary was 
sealed and slightly etched to facilitate attachment of the mirror and fibre. 
The latter was anchored both to its platinum support and to the suspended 
system by means of shellac. The upper end of the fibre was attached to 
a stout platinum wjre soldered to a brass rod which, in turn, was held in 
a torsion head operated in the usual manner by worm and wheel. The 
mirror, which was 4 mm. in diameter, was viewed through a plane quartz 
window fused to the side of the tube AC at an angle of 45° with respect 
to the axis of the cylinder AB and at about 3° to the vertical. This 
deflexion from the vertical avoided direct reflexion of the light beam 
employed to measure the rotation of H. The optical system was com- 
pleted by the usual telescope and illuminated scale placed at a distance 
of about a metre and a half from the cell. An alternating field was 
applied to the dielectric by means of copper-backed platinum disks clamped 
to the ground ends of the quartz cylinder AB. These disks were backed 
by circular sheets of rubber and held in position by stout blocks of ebonite 
bolted together in the manner shown in the sketch. 

The whole apparatus was enclosed in a cylindrical copper vessel fitted 
with a window which registered with the window in the quartz tube AC, 
and a brisk stream of water was circulated through this jacket from 
a thermostat. Considerable difficulty was experienced in maintaining 
electrical insulation between the water jacket and the contents of the cell. 
Best results were obtained by first coating the outer rims of the quartz 
cylinder and the edges of the platinum and rubber disks with a thin layer 
of soft red wax, a hot iron being used to ensure good contact between the 
wax and the solid surfaces, and then the whole space between the ebonite 
blocks was repeatedly painted with a mixture of two parts of soft red wax 
to one of golaz cement until a thickness of several millimetres of the 
insulator had been built up. The alternating current leads were liberally 
coated with the same mixture. In spite of most elaborate precautions, 
the life of this insulation was not, in general, more than about ten days. 

Two i K.V.A. machines, designed and supi^ed by Loughborough 
College, provided a source of alternating cunent, the one at frequencies 
ranging from 20 to 200 cycles and the other at 1000 to 2000 cycles per 
tecond. Both were exdted from a storage battery of large capacity and 
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the drive was furni^ed by constant speed motors. Although the power 
required to actuate the suspension was infinitesimal, in order to maintain 
a constant potential at the cell terminals, a comparatively heavy current 
was generated and the bulk of it was shunted through large, adjustable 
carbon-plate rheostats from which the working vcltage for the cell was 
tapped. A thermo-galvanometer of the Duddell type served to measure 
this voltage and the circuit was closed on the cell by means of a double 
pole mercury switch. The series resistances of the galvanometer were 
non-inductively wound and placed in sealed glass tubes immersed in a 
thermostat maintained at 20° C. 

Experimental Method 

Throughout the research, water was used as standard, and, since both 
the ellipsoid and the platinum disks were heavily platinized to guard 
against electrolytic polanzation, considerable care had to be taken to 
remove all traces of electrolyte which might have been occluded in the 
electrodes from a previous measurement. The cell was repeatedly 
washed with distilled water and the process of diffusion of the electrolyte 
was hastened by application of a slowly alternating potential of 230 volts 
to the plates. For this purpose a motor-driven commutator provided the 
alternations from the D.c. lighting circuit at a periodicity of about ten 
seconds. 

An hour or so before any readings were taken, the dynamo, thermostat 
pump, etc., were set in motion in order that the rheostats, thermo- 
galvanometer, and cell itself might attain constant conditions. The cell 
was then filled with the aid of the apparatus shown in fig. Ir. The 
pipette was filled with a volume of water slightly greater than the pre- 
determined capacity of the cell by a sharp evacuation on the water pump. 
This process had the advantage of removing a large fraction of the dis- 
solved air and so preventing the formation of bubbles of gas on the 
ellipsoid. The water was then transmitted to the cell via the vessel K 
which fitted on the quartz ground-joint D. Final adjustment of the level 
of liquid in the cell was made by means of the capillary tube L, which 
passed through the brass torsion cap and could be connected to a vacuum 
line at will. The cell was emptied by closing the top of K and putting the 
tube M into communication with the same vacuum line. 

AftCT filling, the cell and its contents were left undisturbed for ten or 
fifteen minutes, after which time the position of the suspension was usually 
steady and the zero position of the mirror, as read through the telescope, 
could be relied upon to remain constant to within a millimetre or so of 
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the scale divisions throughout an extended series of measurements. The 
zero was adjusted to such a value that the swing of the mirror (a matter of 
100 or 120 millimetres of scale divisions) was equally disposed about the 
centre of the scale. It will be obvious that with such a small deflexion of 
the mirror, the error produced by reading divisions on a flat scale as 
angular deflexions is negligible. In fact, calculation showed that for the 
most exacting cases studied in this work (e.g., 0 03 N . KCl) the error was 
less than one-tenth of 1%. 

There are two methods by which the torsion of a quartz fibre nuiy be 
used to determine the torque on a suspended system ; the displacing force, 
in this case an alternating potential, can be applied continuously and the 
final equilibrium position taken up by the suspension can be determined 
(the “ static method ”), or, on the other hand, the field may be applied 
only for so long as is required for the ellipsoid to complete its first throw, 
the maximum reading on the scale being taken as a measure of the torque 
on the system (the “ ballistic method ”). The latter method possesses 
the advantage of requiring that only a minimum of current be passed 
through the liquid, but it is obviously unsuited to the comparison of the 
dielectric constants of two liquids which differ in viscosity. Since the 
object of this work was to extend the measurements to solutions of as 
hi^ a conductivity as possible and since a very small amount of joule 
heating of the solution was sufficient to set up convection currents whidi 
completely vitiated the results, the ballistic method was used throughout. 
Justification for this procedure was derived from the fact that for low 
concentrations of electrolyte (e.g., to N/200 KCl) both methods yielded 
the same result. Furthermore, for even the most strongly conducting 
solutions employed, a single equilibrium throw could usually be obtained, 
and its value invariably corresponded within experimental error (about 
0-2%) to the result given by the Indlistic method. 

When the apparatus had attained constant conditions, some five or six 
measurements of the throw of the ellipsoid were made with water in the 
cell, the corresponding reading of the thermo-galvanometer being noted 
for each. The cell was then left for about a quarter of an hour and a 
second series of readings were taken. If the two series agreed among 
themselves, the cell was refilled with water and the process repeated. 
In general, the “ water throw ” was not considered reliable until at least 
three fillings of the cell had yielded results steady to within about 0*2%. 
It may be stated, however, that the agreement between consecutive fillings 
of the cell was usually better than this and the variation from day to day 
was not more than about 0*2%. Satisfactory results having been obtained 
for water, the cell was filled with the solution to be examined and several 
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series of readings yere taken. Tlie length of each series depended on the 
conductivity of the solution and in extreme cases not more than one or 
two successive measurements could be made before convection currents 
were created in the liquid. The mutual agreement between results was, 
however, in general as good as that for water. This high order of repro- 
ducibility in the behaviour of a quartz fibre was at first somewhat sur- 
prising and can only be attributed to the constant environment (water or 
a dilute solution in water) maintained about the thread. The voltage 
applied to the plates lay between 12 and 20 volts, but its precise value 
depended upon the thickness of the quartz fibre in use. The fibres were 
shot in the usual manner and tested for suitability by a count of the vibra- 
tion frequency when the suspension hung freely from the fibre in air. 
The series resistances of the thermo-galvanometer were then adjusted 
until a “ throw ” of the ellipsoid (in water) of some 10 or 12 cm. corre- 
sponded with a reading of W or 95 on the 100 arbitrary divisions of the 
galvanometer scale. The voltage did not usually vary by more than 0; 1% 
during any one series of measurements, but correction had to be made 
even for this small variation, since the throw of the ellipsoid is proportional 
to the square of the potential. The question of precise voltage measure- 
ment be^me of serious moment when dealing with conducting solutions. 
Although the resistance of the carbon rheostats was of the order of only 
about one ohm, the act of closing the circuit across the cell caused an 
appreciable drop in voltage. This difiiculty was countered by pre- 
determining the open-circuit potential which would give the standard 
voltage represented by 90 or 95 on the arbitrary galvanometer scale when 
a “ throw ” was being measured. With the most strongly conducting 
solutions employed, this involved setting the galvanometer to a value about 
4 or 5% greater than the standard value. Final correction was made by 
reading the voltage at the plates immediately after a series of throws had 
been measured. This comparatively prolonged passage of electricity of 
course intensified the convection currents within the cell, and the apparatus 
had, in consequence, to be allowed a proportionately longer time to 
regain equilibrium before a further scries of throws could be measured. 

Polarization 

Electrolytic polarization has been a continuous menace to accuracy in 
the determination of dielectric constants by the FUrth method. Its 
action is to oppose the applied field by back-electromotive forces generated 
at the electrode surfaces (both plates and ellipsoid), and so to detract from 
the apifiied voltage, which should, theoretically, be engaged sdely in 
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maintuning a potential gradient across the liquid. Thus the net effect 
(ff electrolytic polarization is a “ throw ” abnormally low in respect to 
the voltage registered at the cell terminals, and a coirespondin^y low 
value for the dielectric constant. Some time was devoted to a study of 
this effect, and it is now felt that the experimental method may be con- 
sidered to be free of any objection on the score of polarization. In this 
connexion measurements were carried out with a cell fitted with bright 
platinum plates and ellipsoid — conditions under which polarization might 
be expect^ to occur at all but the highest of alternating current fire- 



Fro. 2. 

quencies— and the “ throw ” was found to increase with increasing fre- 
quency. This effect is readily explained by assuming that, with the small 
current densities employed, the full over-voltages of hydrogen and oxygen 
(chlorine for chloride solutions) were not fully developed in the short 
period of one-half cycle of the alternating current. With further reduction 
of this period, i.e., with increasing frequency, still less was the degree of 
polarization built upon the plates and a greater fraction of the applied 
voltage was spread across the liquid dielectric, to manifest itself in the 
enhanced “ throw ” of the suspended system. With' the bright electrodes 
it is likely that electrolytic polarization was still occurring at the highest 
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frequency available, 2000 cycles/seoond, since the values of the dielectric 
constants obtained under these conditions were invariably lower than 
those obtained with platinized plates and ellipsoid. For instance, the 
broken>line curves in fig. 2 indicate values for the dielectric constants of 
potassium chloride and hydrochloric acid solutions as determined in a 
cell fitted with bright electrodes. It will be seen that the effect of polariza- 
tion, evidenced by the widening discrepancy between the dotted and full 
curves, increases with the conductivity of the electrolyte, as is only to be 
expected from the increase in current density under such circumstances. 

After these tests, the same plates and ellipsoid were platinized in the 
usual manner and the measurements were repeated. Under these con- 
ditions, no variation whatsoever was observed in the “ throw ” on 
changing the frequency of the applied voltage and the apparatus was 
considered to be free of polarization. 

An early difficulty experienced with the Ffirth method lay in a slight 
change in the value of the observed dielectric constant with a changp in 
the intensity of the field, and this effect, too, has been attributed to polariza- 
tion. It may be stated at once that, in these experiments, no such dis* 
crepancy arose. With well platinized plates and ellipsoid, the torque 
developed was, within the accuracy of the meters available, strictly pro- 
portional to the square of the applied r.m.s. voltage, as demanded by the 
Fttrth equation. 


Preliminary Tests 

Aqueous solutions of amino acids, urea, etc., have comparatively low 
conductivities and the determination of their dielectric constants presents 
no serious difficulty. Accurate data are available and such solutes 
possess an added advantage, for the purpose of experimental test, in the 
fact that they affect the dielectric constant of water to a marked extent. 
Series of measurements have been made on these solutions and the full 
results will be presented elsewhere. The cases of pure glycine and urea 
solutions may, however, be cited in brirf. A linear relationship between 
concentration and dielectric constant was observed in both cases. The 
value of dzjdc for glycine* obtained with this apparatus was identical 
with that given by Hedestrandt (22-4), who used a high frequency capacity 
bridge method, and was within 0*5% of the more recent figure of Wyman 
and McMeekin,); who employed the resonance method, but were working 

* The measurements on glycine were made by Dr. H. Evans of this Laboratory, 
to whom our thanks are due. 

t • Z. phys. Chem.,’ vol. 135, p. 40 (1928). 

X ' J. Amer. CSiem. Soc.,’ vol. 35, p. 908 (193S). 
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at a somewhat different temperature (25” C.)- As regards urea, the value 
of 2*90 for dtjdc agrees exactly wiA the result found both by Devoto* 
and by Wyman.f 

Althou^ these results were obtained under conditions considerably 
less onerous than those imposed by the more strongly conducting solu- 
tions for which the apparatus was primarily designed, their close agree- 
ment with figures obtained from methods involving much higher fre- 
quencies is considered to be ample evidence for the general reliability of 
this type of apparatus and technique. 

Results for Simple Electrolytes 

The mean results are given in Table I, of which the first column repre- 
sents the concentration in grammolecules per litre and the others the 
dielectric constants of the various electrolytes all referred to the value 
80-0 as the dielectric constant of pure water at 20” C. 

Table I 


Temperature = 20" C. ± 0 02 


Concentration 

Dieiectnc constants 



electrolyte LiCI 

Naa 

KQ 

HQ 

NaOH 

0 0005 - 

— 

— 

— 

79-27 

0 001 79-90 

79-90 

79-86 

79-39 

79-13 

0-002 — 

79-86 

79-52 

79-16 

78-99 

0-003 79-76 

— 

— 

— 

— 

0 004 — 

79-79 

— 

78-90 

78-92 

0-005 79-69 


79-32 

_ 

78-72 

0-006 - 

79-65 


78-47 

— 

0-0075 79-30 

— 

— 

— 

78-50 

0-008 — 

79-46 

— 

78-20 

— 

0-010 79-35 

79-28 

78-35 

77-93 

78-29 

0-014 — 

79-05 

— 

— 

— 

0-015 — 

78-91 

78-36 

_ 

77-87 

0-020 78-98 

78-83 

77-93 

_ 

77-67 

0«030 77-96 

78-23 

77-74 

_ 

_ 

0-(M0 — 

77-21 

77-09 

- 

- 

A more general impression of the results may be gained from fig. 2 

(fhll lines), where the same figures are indicated graphically. 

The curves 

show that, up to the maximum concentrations studied, the effect of the 


presence of univalent ions upon the dielectric constant of water is com- 
* ‘ Gaax chlm. ital,,’ vol. 63, pp. 50, 1 19 (1933). 
t ‘ J. Amer. Chan. Soc.,’ vol. 35. p. 4116 (1933). 
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paratively slight, only about 4% in all. This small difference emphasizes 
the necessity for extreme accuracy and sensitivity of experimental 
technique ; an error of 0-2% in the measured dielectric constant represents 
about 5% inaccuracy in the estimation of the greatest lowering of dielectric 
constant observed. The relation between concentration and dielectric 
constant is comparatively simple, although by no means linear, and there 
is no evidence of the minimum previously observed by several investi- 
gators. It is remarkable that results indicating a minimum dielectric 
constant at a low concentration have been obtained almost exclusively by 
workers employing “ force ” methods and yet, with the present modifica- 
tion of the Fiirth method, we are quite unable to reproduce such minima. 
All the electrolytes mentioned in Table I have been examined in this way 
either by Schmidt,* * * § by Pechhold.t or by Millicka and Slama,t and in 
every case a minimum value of the dielectric constant was found for 
comparatively dilute solutions. The minima lay at concentrations ranging 
from 3-9 X 10"* (for NaOH) to 7 -5 x 10 * (NaCl) gram molecules per 
litre and the values of these minimum dielectric constants were very low 
compared with the results given in this paper. The value for HCl was 
71 -9 (Pechhold) or 70 (Millica and Slama), for NaOH 74, and for KCl 
77 •7. It may be noted, however, that there is a strong resemblance 
between the descending portions of the curves obtained by the earlier 
investigators of this method and the dotted lines of fig. 2, where polariza- 
tion of the electrodes was undoubtedly present ; so marked is this similarity 
that it is impossible to avoid the suspicion that the question of polariza- 
tion has not hitherto received adequate attention. In view of this doubt 
Furth’s hypothesis§ of an extremely large sheath of water of hydration 
around each ion need not, at present be considered. 

Since the completion of the work described in this paper, some interest- 
ing figures for the dielectric constants of solutions of electrolytes have 
been published by Fischer and Schaffeld.|| They have employed the 
Fiirth method as modified by Orthmann.i They opposed the effects 
of electrolytic polarization by the use of high frequencies and at 200,000 
cycles they found that platinization of the ellipsoid was unnecessary, 
perfectly satisfactory results being obtained with a smooth gold surface. 
At lower frequencies (50,000 cycles and below) a variation of throw was 

* ‘ Phys. Rev.,’ vol. 30, p. 925 (1927). 

t • Ann. Physik,’ vol. 83, p. 427 (1929). 

t ‘ Ann. Physik,’ vol. 8, p. 663 (1931). 

§ • Phys. Z.,’ vol. 32, p. 184 (1931). 

II ’ Ann. Physik,’ vol 25, p. 450 (1936). 

H • Ann. Physik,’ vol. 9, p. 537 (1931). 
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observed on changing the frequency of the applied field. This is con- 
trary to our experience, and it can only be inferred that their mode of 
platinization was in some way faulty. This inference is supported by the 
fact that they found the throws of the ellipsoid in presence of water too 
unsteady to permit of the use of the pure solvent as a standard. Whilst it 
must be admitted that, of all the liquids so far examined, water is un- 
doubtedly the most exacting in the matter of perfection of the ellipsoid 
surface, this fact was rather welcomed by us as affording a means of 
testing the apparatus, since experience seemed to indicate that it was 
advisable to trust only such results as could be compared directly with 
water itself. 

Their results for uni-univalent electrolytes are very similar to those given 
in Table I. Their curves for dt/dc do not exhibit the minimum previously 
observed by Millicka and Slama and others, but they differ from the 
curves given in fig. 2 in that the slope increases with increasing con- 
centration of electrolyte. 


Conclusion 

Since the measurements seem to indicate a marked difference in di- 
electric constant between solutions of the same strength of different .uni- 
univalent electrolytes they cannot be said to represent a marked con- 
firmation of the Oebye-Falkenhagen theory. On the other hand, the 
results for alkali chlorides do conform^ within experimental error, with 
a relation of the type ■ => c, (1 -|- « Vc — ^) if it be assumed that the 
maximum of the dtjdc curve, to which this expression leads, is relatively 
small and occurs at some concentration less than 0*0005 n. This 
equation represents the Debye-Falkenhagen relation between the dielectric 
constant of the solution, c, that of pure water, so, and the concentration, 
c, together with the correction Pc applied by Sack* to take account of 
the saturation effect of the ionic charges upon the water dipoles. At low 
or zero frequency, a is assigned the value 0*047 for all uni-univalent 
salt^ and the value 3 was proposed by Sack for the constant p. A com- 
parison between the obsmed diele^ic constants of sodium chloride 
solutions and values calculated from c = c, (1 + 0*047 Vc — 1 *1 c) is 
made in fig. 3. It will be seen that the agreement is poor over the range 
of concentrations at which the Debye-Falkenhagen factor « has the pre- 
dominating influence and the value of 1 * 1 has to be adopted for p. 

It is not, at present, possible to account satisfactorily for this dis- 
cr^ni^ between the theory and the practical results; it should be 


• Pbyt. Z.; voL 28, p. 199 (1927). 
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remembered, however, that the frequencies employed in this work are 
very low and it is not impossible that, under these conditions, large 
molecular aggr^tes (c.g., “ hydrates ”) arc playing a part in the orienta- 
tion polarization of the system in a manner not allowed for either in the 
derivation of the Debye-Falkenhagen equation or in the correction term 
P due to Sack. 

Summary 

The Flirth force method for the determination of dielectric constant 
has been modified and the new apparatus is described in detail. The 



method is now considered to be reliable to within an accuracy of ±0-2% 
for solutions of electrolytes having conductivities less than O'OOS mho. 

The occurrence of electrolytic polarization of the electrode surfaces is 
discussed. The effect of frequency of applied alternating field has been 
tested over a range of from SO to 2000 cycles per second and, with a well 
platinized ellipsoid, such variation of frequency has been found to be 
without influence upon the observed dielectric constant of dilute electro- 
lytes. 

The apparatus has been tested with aqueous solutions which have well- 
defined dielectric constants. 

Figures are given for the diel«:tric constants of solutions of LiCl, 
NaQ, and KCl up to a concentration of about 0 '04 n, of HCl up to 0 -01 n. 
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and of NaOH to 0-02 n. All these electrolytes affect the dielectric 
constant of water to a comparatively small extent," a lowering of only 
about 4% is observed with the strongest solutions studied. The dielectric 
constant falls continuously with increasing concentration of electrolyte 
over the range of concentration used. 

The discrepancies between the experimental results and the Debye- 
Falkenhagen theory are discussed briefly. 


Transmutation of the Lithium Isotope of Mass Seven 
by Deuterons 

By A. E. Kempton,* B. C. Browne, and R. MAASDoapf 

{Communicated by Lord Rutherford, O.M., F.R.S. — Received 29 May, 
1936) 

Introduction 

Recent investigations on the transmutations of the light elements have 
shown that the mass number 5 is the only one not occupied by a stable 
element. In a letter to * Nature,’ Dr. 011phant| has pointed out that the 
mass defects of the light elements show a periodic variation, and has 
deduced from this that the missing element should have a mass of about 
5 ‘0125. It is to be expected that the place should be occupied either by 
an isotope of helium or of lithium of mass five, but more probably by 
the former. These investigations were initially undertaken to test 
whether the isotope of helium of mass five arose in certain transmutations. 
In considering the whole field of artificial transmutations, eiqierience has 
shown that practically every type of reaction which is energetically possible 
does take place, but the relative frequency of each reaction is governed 
by factors which are not yet understood. Among the light elemmts the 
nuclei *H, "D, ^T, ‘He, ‘He, and ‘Li, 'Li, *Bc, etc., all appear as products 
of nuclear transmutations, and it is reasonable to expect that the nucleus 
of mass five, if it exists, should also make itself evident For example, we 

• Couttt Trotter Student, 
t Bdt Railway Trust Rhodesian Fellow. 
t ‘ Nature.’ vol. 137, p. 396 (1936). ' 
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might expect that the transmutation of ^Li when bombarded by deuterons 
should proceed in the alternative ways: 

»Li + *D -> *Hc + *Hc + + Wi (1) 

- ‘He + ■‘He + W, (2) 

- oBe + *n + Wg. (3) 


The bombardment of ’^Li with deuterons is therefore a likely experiment 
in which to search for a ‘‘He nucleus. 

It has been shown that (1) results in a continuous distribution of «- 
particles with energies ranging from the lowest observable (0-6 ra. e-volts) 
to a maximum of 8 • 1 m. e-volts.* The reality of (2) would be revealed by 
the presence of two homogeneous groups of particles supenmposed on 
this continuous distribution. The work described in this paper has been 
done in order to ascertain whether or not the second of the above trans- 
mutations does occur. 

We may notice in the first place that the reaction energy of (2) is greater 
or less than that of (1) (/.e., Wg^Wi) according as the ‘^He nucleus is 
stable or unstable. (Stability here denotes that the binding energy of the 
‘He nucleus considered as formed from an a-particle and a neutron is 
positive.) It follows that on the hypothesis of a stable ‘He nucleus the 
a-particle liberated in (2) will have a greater energy and therefore a 
greater range than the most energetic a-particles liberated in (1). Con- 
versely, the formation of an unstable ‘He nucleus would be accompanied 
by the presence of an a-particle group of energy less than the maximum of 
(1). Qearly such a group unless large would be much more difficult to 
detect in the latter case than in the former. 

Using the mass S -0125, the ranges of the ‘He and ‘He liberated in (2) are 
calculated to be 8-05 and 4-95 cm. respectively. We may state with 
certainty that no homogeneous group of a-particles is emitted, when ^Li 
is bombarded with deuterons, with energy greater than the maximum of 
(1); or more exactly, no such group exists with a yield as great as 1% of 
(1). We therefore conclude that the probability of the formation of a 
stable ‘He nucleus is less than 1% of the probability of the transmutation 
( 1 ). 

During some further experiments on the continuous distribution of 
a-particles, indications of certain irregularities in the shape of the number- 
al^rption curve were obtained. In the total number-absorption curve 
these irregularities take the form of a rapid and discontinuous change of 

* Olipfaant, Kempton, and Rutherford, ' Proc. Roy. Soc.,’ A, vol. 149, p. 406 (1935). 
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slope, while on the differential number-absorption curve they appear as 
“ peaks The presence of homogeneous groups of particles would be 
revealed in precisely this manner. However, experiments done from day 
to day showed little or no consistency in the values of the ranges at which 
these irregularities occurred, and it was clear that if precision was to be 
obtained the experimental method must be improved. 

One of the chief difficulties inherent in counting experiments when using 
high voltage sources is the capricious fluctuations occurring in the activity 
of the source. The number of particles emitted per unit time per unit 
current fluctuates by factors often as high as 50% or more. These are to 
be ascribed to small variations in the accelerating voltage, the nature of 
the target, etc., and their complete removal would seem impossible. It is 
therefore desirable to employ a second counter, the sole function of which 
is to determine the activity of the source. In the next series of experi- 
ments we therefore employed two counters. The target* of separated 
T.,i was scanned by two windows, the normals to which were perpendicular. 
The one counter was an ordinary ionization chamber and served only to 
measure the activity of the source during the course of an experiment. 
It remained fixed in position and counted particles over a defimte energy 
range. To increase the chance of detecting small bomogeneotis groups 
superimposed on the continuous distribution the second counter was of 
the differential type. It had three parallel electrodes, the centre one being 
the collector and connected to the grid of the D.E.V., and the two outer 
ones having potentials of ± 240 volts respectively. Circular apertures 
in the two electrodes nearest the target allowed the particles to traverse 
both halves of the chamber, and these apertures were of such relative 
sizes that all particles passing through the first half of the chamber also 
passed through the second half. The apertures were covered with 
aluminium foils of about ^ mm. of air stopping-power. If a pure range 
is investigated with such a counter, the number-absorption curve obtained 
has the form of a sharp peak. ’ The sharpness of the peak, and therefore 
the resolving power of the counter, depends upon the stopping-power of 
the* gas between the electrodes, and it is therefore desirable to have the 
distance between the electrodes as small as possible. On the other hand, 
decrease of the inter-electrode distance lea^ to an increase both in the 
capacity of the counter and also in the microphonics. Both these 
di^ulties can be overcome by filling the counter with hydrogen, which has 
a stopping-power relative to that of air of 0-25, and by making the inter- 

* We wish to thank Mr. E. L. Yatesfor supplying us with a target of separated li, 
which was more than 99% pure. 
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electrode distance fairly large (in our case 1 cm.). The equivalent air 
thickness of the counter is then only 0-2S cm. It was impracticable to 
fix the differential chamber rigidly to the air-absorption tube, so that it 
was necessary to circulate hydrogen continuously through the counter. A 
thin rubber tube served as a flexible connexion which would not appreci- 
ably disturb the counter, but which sufficed to prevent the hydrogen 
escaping too quickly. In practice it was found that the hydrogen must be 



3 4 5 6 

Cm. absorber 
Fio. 1. 


thoroughly dried before introduction into the counter. The performance 
as regards resolving power can be gauged from fig. 1, which shows the 
differential number-absorption curv^ for a pure range, viz., the homo- 
geneous range of a-particles formed in the transmutation 

T-i -I- ‘He -H ‘He. 

As regards “ dirtiness ” of source, this distribution corresponds with the 
ot-particle distribution to be investigated, and the width at half-height is 
only S mm., so that two ranges differing by about S mm. would be 
s^Mrated sufficiently for their detection. 
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When using two counters in this manner it is not necessary to employ 
two amplifiers. The voltages applied to the two counters were of such 
sign that one gave positive and the other negative impulses. Both were 
connected to the same D.E.V., linear amplifier, and oscillograph. As 
long as the number of positive impulses applied to the grid of the D.E.V. 
greatly exceeds the number of negative impulses, no choking of the 
D.E.V. grid will occur. In our experiments, this condition was always 
satisfied. The number of positive and negative kicks can be counted 
separately, and the ratio of the two numbers gives a measure of the 
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number of particles counted in the differential chamber which is inde> 
pendent of any fluctuations of the source. 

.The whole of the absorption curve for the continuous distribution of 
a-partides from ’Li (/.e., from <^2 cm. up to the maximum range of 
7*8 cm.) was investigated many times using this arrangement; but 
although the agreement between independent experiments was much 
better than before it was still insufficient to allow of unambiguous inter- 
pretation. A typical set of curves obtained in this way is shown in 
fig. 2.* Despite the large number of particles counted, the discrepancies 


* In fig. 2 the zeroes have been shifted in oder to avoid superposing the curves. 
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bdiween different experiments do not lie within the ordinary statistical 
probable errors. only irregularity common to all curves is the 
slight rise and maximum at a range of about 6-8 cm. 

It is clear from the foregoing that unless millions of particles are to be 
counted and the statistical errors thus reduced to a minimum, no cer- 
tainty can be attained by this approach. We were therefore led to a con- 
sideration of alternative method of investigation. The advantages of a 
Wilson chamber for such a purpose are obvious. Each particle is treated 
individually, and one is completely independent of capricious fluctuations. 
Thereis, on the other hand, the tediousness of the method and the difficulty 
of measuring a large number of tracks with [n-ecision. In an experiment 
of this kind, one can avail oneself of the advantages of a Wilson chamber, 
without incurring its disadvantages, by constructing an ionization chamber 
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such that the actual length of track of each particle passing into it is 
determined. Such a chamber is represented in fig. 3. The chamber is 
connected to a linear amplifier and oscillograph, and gives “ kicks ” the 
sizes of which arc detcrrmned by the amounts of ionization produced Iqa 
the oc-particles. 

An investigation of the distribution in size of these kicks plus a calibra- 
tion using particles of known range will then determine the distribution in 
range (or energy) of the origina] particles. For a counter of this type it 
is necessary that the particles should be sufficiently collimated to ensure 
that they do not strike either of the counting electrodes. This is easily 
satisfied by placing slits of suitable dimensions between the source and the 
counter. The phamber and collimating system once clamped firmly in 
position, it is then only necessary to count sufficient particles and obtain 
their range distribution as indicated above. 

The dq;>endence of size of kick on range of particle in the chamber can 
be obtained by considering the Bragg curve for a single o-particle. If a 

2 C 
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length ab of the range is included in the chamber, then the ionization pro- 

f b 

Ia</R, whoe 

IgdK is the ionization produced between the ranges R and R + dR. 
Since both amplifier and oscillograph have linear responses, the size of 

kick S will be given by Sa Ib</R. Evaluating this integral graphically, 
fig. 4 is obtained. 

We see that S rapidly increases as the particles penetrate further into 
the chamber up to about 2 cm., after which the rate of increase is appreci- 
ably slower. When the particles pass right through the chamber the 
size of kick begins to decrease again, but not very rapidly. This curve is 



not suitable for the conversion of the number-size curve to a number- 
range curve; for in the first place the Bragg curve for an a-particle is not 
known with sufficient precision, and secondly we cannot be certain of the 
dength over which to integrate owing to possible end-efiects of the counting 
electrodes. For this purpose then, it is necessary to use a-particles of 
known range and find the size of kick when they penetrate a known depth 
into the chamber. In this way a calibration curve equivalent to that of 
fig. 4, but essentially more reliable, is obtained. 

It is interesting in this connexion to consider fig. 5, which is the experi- 
mental size distribution of kicks from ThC a-particles which penetrated 
4 cm. into the chamber. 

The peak is seen to be very narrow and the width at half-height corre- 
sponds to only 8 mm. respectively, so that we may safely say that ranges 
at least 7 mm. apart would be resolved sufficiently for their separate 
detection. The linearity of response of the recording system was tested 
by inducing known charges on to the grid of the D.E.V. 
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This chamber in operation was found to be much more microphonic 
than the usual type of shallow chamber, probably because the chamber had 
to be fastened fhirly rigidly to the collimating system. As the amount of 
ionization is about ten times as great as in the shallow chamber, the ratio 
of kick-size to background is certainly no smaller and possibly greater 
than in the shallow chamber experiments. This fact is of some importance 
in deciding the resolving power; for it is clear that the widw the back- 
ground the greater will be the variation in the size of kick for a given 
impulse applied to the grid of the first valve. Thus for a homogeneous 
range of particles for which the size-distribution curve must have the 



Kick size 
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form of a very sharp peak, the sharpness of this peak will depend on the 
width of the background; and consequently the resolving power, Le., 
the ability to distinguish between two close ranges, will decrease as the 
background width increases. 

In fig. 6 is shown the result of counting about 17,000 particles. The 
large peak appearing at a range of about 2-5 cm. is to be ascribed to the 
protons formed in the transmutation 

These protons are known to have a range of about 14 cm., and conse- 
quently passed completely through our detecting chamber. The ioniza- 
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tion and therefore the size of kick due to such particles may be estimated 
from the curve of fig. 4, if we remember that the ionization produced by a 
proton is just one-quarter of that produced by an «-particle of the same 
velocity and hence same range. The two values, measured and caku- 
lated, agree so well that the above assumption is justified. The fact that 
the prc^rtion of these particles in the distribution was found to vary 
irregulariy by large factors may be counted as additional evidence that 
they are not due to the transmutation of lithium. The presence of these 
protons in all transmutations effected by deuterium has already beoi 
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noted, and they are to be ascribed to the deposition of deuterium on the 
target and its subsequent bombardment by the beam of deuterons. 

The curve of fig. 6 is the number-size curve transformed by the method 
described above to the number-range curve. It is clear from this curve 
that no irregularity such as would indicate the existence of a homogeneous 
group of particles can with any certainty be said to exist. As before, there 
are indications of such irregularities which agree in some measure with 
those previously obtained. We may instance the irr^ularity at a range 
of 3-5 cm. It would require a miKh longer investigation to determine 
whether such irregularities are in fact real. All we can say for certain is 
that no sudi iiregularity exists having a height greater than 10% of the 
height of the horizontal portion of the curve, i.e., if a homogeneous group 
be superimposed on the continuous distribution it contains less than 1% 
of the particles in the continuous distribution. 
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In conclusion we may point out that an irregularity in such curves does 
not necessarily imply the presence of a homogeneous group, and therribre 
the occunence of transmutations other than (1). If they do occur they 
may well be occasioned by relatively more probable modes of (1). 

Mechanism of the Transmutation 

The experiments just described and those of Bonner and Brubaker,* 
though deficient and uncertain in detail, do at least present considerable 
information as to the energy distribution of the a-particles and neutrons. 
The forms of the number-energy distribution curves are known with 
sufficient accuracy to warrant a more detailed consideration of the 
“ mechanism “ of the transmutation than was previously possible. 

A complete theory of the nucleus would enable us to emulate both the 
a-particle and the neutron en^gy distributions, but failing sw^h a detailed 
solution of the problem it is only possible to make some simple assump- 
tion which will be sufficient to enable us to calculate the one from the 
other. The new conceptions of nuclear structure recently advanced by 
Bohit indicate the general lines along which we should proceed. From 
Bohr’s viewpoint, we may consider that the reaction 

’Li *He -t- *He -f ’n + W 

takes place with the temporary formation and subsequent break-up of a 
*Be nucleus. This nucleus will be formed in an excited state of about 
14 '5 m. e-volts energy. To liberate this energy the *Be nucleus must 
emit either a y-ray quantum or a heavy particle. From the experimental 
data one sees that the emission of a y-ray must be relatively improbable 
since no such y-ray has ever been observed. We must therefore consider 
the alternative possibilities : 

’Li + »D ^ ‘Be -> “He + ‘He, and ‘He-‘He-f’« (o) 

’Li + *0 - »Be - "Be + ’/I, and *Bc ‘He + ‘He. (6) 

While the possibility of the first reaction cannot be excluded, we may wdl 
imagine that it is less possible than the second which, in the first stage, 
involves the liberation of a single elementary particle. We know from 
Bonner and Brubaker’s investigation of the neutron distribution that 
there is a wril-defined group of neutrons with enagy about 13-5 m. e- 
volts whidi can be satisfactorily explained in terms of the formation of a 

• • Phyi. Rev.,’ vol. 49, p. 19 (1936). 
t ‘ Nature,’ voL 137, p. 344 (1936). 
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stable ‘Be nucleus, and we shall therefore assume that the majority of these 
^Li transmutations occur with the temporary formation of a ‘Be nucleus 
in an excited state. 

On this view the results of Bonnef and Brubaker represent the energy 
distribution of the neutrons emitted in {b). If T be the kinetic energy of 
the neutron emitted in {b), and W be the total energy liberated in the two 
stages of (6), i.e., W is defined by 

»Li + *D 2‘Hc + !« + W, 

then the excitation energy of the ‘Be nucleus will be (W — 9/8T). In 
addition to this, however, the ‘Be nucleus will have a recoil energy T/8. 
If now we make the natural assumption that the angular distribution of 
the a-particles ejected in (b) is isotropic with respect to the centre of 
gravity of the recoiling ‘Be nucleus, it is easily shown that these a-particles 
have a uniform continuous distribution in energy between 

i::_i[(w-T)±2 v|(w-|t)j. 

Defining X (T) dT as the number of neutrons with energies between T and 
T + (/T, one finds that the number of a-particles with energies between 
E and E + dE is given by 

X (x) dx 

where 

and 



This integral can be evaluated graphically, using some assumed neutron 
energy distribution for X (x). In fig. 7 is shown the neutron energy dis- 
tribution found by Bonner and Brubaker (curve B), except that the peak 
at 1*3 m. e-volts has not been included since it arises from the formation of 
‘Be in the ground state. In fig. 8 is shown our experimental energy dis- 
tribution curve for the o-particles (curve A) and also the distribution as 
calculated in the above manner from Bonner and Brubaker’s results 
(fig. 8, curve B). 

It will be seen that the agreement is fairly satisfactory, the chief differ- 
ence being that the calculated o-particle distribution shows a rather broader 
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maximum at an energy some million volts lower than the obaerved value. 
The high energy end of thecalculated a-particle distribution depends on the 
accuracy of Bonner and Brubaker’s results at low energies. In order to 
give an idea of the magnitude of this discrepancy, we have included curve A 
(fig. 7) which shows the shape of the neutron distribution curve which 
would be necessary to give the observed a-particle distribution. The 
general shape of the calculated a-particle distribution is not, however, 
very sensitive to small changes in the shape of the assumed neutron 
distribution, as can be seen from the dotted curve (fig. 8C) which shows 
the calculated a-particle distribution assuming a linear neutron dis- 
tribution as shown in fig. 7C. In view of the uncertainties inherent in the 
determination of the neutron eno-gy distribution from the experimental 
proton distribution, the differences are perhaps not outside the experi- 
mental error. Unfortunately, it is not possible to correlate the two dis- 
tributions (neutron and a-particle) with certainty, for neither is known 
with suflScient precision; but the substantial qualitative agreement already 
obtained offers some justification for the assumption that the trans- 
mutation of ^Li by deuterons occurs in the two stages as suggested above. 

Expressed differently our assumption implies that the ^Be nucleus has a 
num^ of virtual levels or positive energy levels. Having granted the 
existence of such levels, it is then necessary to consider their nature, i.e., 
their width, and the very important question as to whether they constitute 
a discrete set or a continuous manifold. On these points we have no 
definite evidence, unless the work of Dee and Gilbert* on the disintegra- 
tion of “B by protons be taken as such. These authors interpret the 
continuous energy distribution of the a-particles emitted in the boron 
transmutations as due to a virtual level of ^Be of about 3 m. e-volts 
positive energy, which possesses a width, i.e., an energy spread, of about 
1 m. e-volts. This level for *Be would correspond to a neutron energy of 
about 10 m. e-volts in our reaction and a spread of a-particles of from 
0 to 4*S m. e-volts. In the transmutation of ^ we are considering 
excitations of the order of 0 to 14*5 m. e-volts. It might be expected that 
for the lower part of this energy range the levels would be discrete and for 
the .upper part continuous. This being so the lower energy neutrons 
should have a continuous energy distribution, while those of higher 
energy should be resolvable into a number of discrete groups. The 
present results are not sufficiently precise to warrant any categorical 
statement either for or against this view. 


• ‘ Proc. Roy. Soc.,’ A, vol. 154, p. 279 (193«). 
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Summary 

The continuous distribution of a-particks formed in the transmutation 

»Li + ‘D -> *Hc + *He + (1) 

has been investigated in detail. Counters not previously used in high 
voltage research are described. The possibility of the formation of a 
*He nucleus is discussed, but the experimental evidence so far obtained 
on this point is negative. 

It is shown that the observed neutron energy distribution (Bonner and 
Brubaker) and the a-partide distribution are in qualitative agreement 
if we make the assumpdon that (1) occurs in two stages, an exdted 'Be 
nudeus bdng temporarily formed. 
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Angular Distributions of the Protons and Neutrons 
Emitted in Some Transmutations of Deuterium 

By A E Kempton * B C Browne and R MAASDORFf 

{Communicated by Lord Rutherford OM , FRS — Received 29 May, 
1936) 

Introduction 

The nature of the angular distribution of the particles emitted in 
artificial transmutations is a matter which has received little attention 
Hitherto experimental investigation has been mainly concentrated on the 
determination of the energy release and nature of various transmutations 
But It is now clear that we have sufficiently precise data concerning the 
nature of many transmutations to make profitable their further investi- 
gation, and in particular the investigation of the angular distribution Of 
the transmutation products Moreover, in much of the literature it is 
implicitly assumed that the transmutation products are uniformly dis- 
tributed in space when referred to relative coordinates t e , coordinates 
in which the centre of gravity of the system is considered to be at rest, in 
particular all attempts to determine absolute yields depend upon the 
conectness of this assumption The work so far published on this 
subject^ appears to support the uniformity of angular distribution, but 
further investigation is clearly of some importance 
Dunng the course of some cloud chamber experiments on the trans- 
mutation 

«D + «D »T + iH, (1) 

Dee formed the tentative opimon that the angular distnbution of the 
protons eimtted was not uniform The alternative transmutation 

*D + «D ^ »He + (2) 

IS very similar to (1), since the spms of the particles are probably identical 
and the energy balances of the same order of magnitude We have 
therefore investigated the angular distribution for both these trans- 
mutations 

* Coutts Trotter Studmt 

t Bat Railway Trust Rhodesian Fdlow 

i Oiarratana and Breonecke, * Phyt Rev ,’ vol 49, p 3S (1936) 
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Neutron Investigation 

The investigation of the angular distribution of neutrons is simpler than 
the corresponding investigation for charged particles, in that it is not 
necessary to provide a window system through which the particles may 
pass and so be counted. The neutron source consists of a target con- 
taining deuterium bombarded with deuterons. The target is held m a 
brass tube through which the neutrons easily pass. By far the most 
sensitive detector of fast neutrons, and the most convenient, is an ioniza- 
tion chamber containing helium under pressure. Such a chamber con- 
taining about 12 atmospheres of helium was therefore used, and was so 
mounted that it could swung about the neutron source at a constant 
distance from it. (The ionization chamber being about 2 cm. deep, its 
counting efficiency was about 1 in 2000.) The range of angles which it 
was possible to investigate was 0° to 1S0° with respect to the direction 
of the incident deuterons. 

This arrangement of counter and source would suffice to determine 
the angular distnbution of the neutrons emitted from a constant or 
known source. But the activity of a high voltage source does not remain 
constant or even proportional to the bombarding current for any great 
length of time. It is therefore convenient to employ a second counter, 
fixed relative to the source, which will serve to measure its activity. For 
this purpose we adapted one of our standard ionization chambers by 
placing a sheet of boron inside it and surrounding it with paraffin wax. 
The experimental arrangement of counters and source is indicated in 
fig. 1. The efficiency of neutron counters being small, it was necessary 
to forgo the magnetic separation of the deuteron beam in order to obtain 
as large a yield as possible. In the first experiments the target consisted 
of (ND 4 ),S 04 and gave a neutron source equivalent to about 100 me. of 
Rn -I- Be. Such a target, however, is not very satisfactory owing to its 
rapid decomposition under bombardment. In the later experiments we 
were fortunate in being able to use Al(OD)j as target, which lasted longer 
under bombardment and gave a more intense source (about 400 me.). 
The two counters were connected to separate amplifiers, which fed an 
oscillograph through a centre-tapped transformer. The impulses from 
the two amplifiers therefore produced deflexions of opposite sign and 
could be recorded simultaneously. 

Before describing the results obtained, it will be convenient to discuss 
the possible perturbing factors in our experimental arrangement. The 
energy of the recoils in the helium counter varies fromO to 16/25 of the 
neutron energy according to the angle between the recoil and the incident 
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neutron. The oscillograph “ kicks ’* have therrfore a continuous dis- 
tribution in size, and since the background is of finite width the smaller 
kicks are indistinguishable from the background variations. One must 
therefore adopt some criterion as to what to count For any one angle 
6 this is of little importance and presents no difficulty, for it is permissible 
to count over any arbitrary constant size. The energy of the neutrons 
depends appreciably upon the angle 6, however, owing to the momentum 
of the incident deuterons. The average size of kick for given 6 is there- 
fore likewise dependent on 6, and it is meaningless to count traces for 
different values of 6 over the same size. It may be assumed that the kick 



size is proportional to the energy of the recoil, and that the average kick 
size within the energy range considered is approximately proportional to 
the energy of the neutrons. This assumes that the angular distribution of 
helium recoils does not vary with the neutron velocity. This matter is 
considered in more detail in the next paragraph. The different traces 
were therefore counted over scale-sizes proportional to the neutron 
energies. It is easily shown that 

Tt being the neutron energy for angle 6, E the energy of the incident 
deuteron, and W the neutron energy for E = 0. From this expression 
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may be calculated and the relative scale sizes chosen. Assuming 
W => 2-0 m. e>volt8 and E =» 100 or ^ kv., the scale sizes used are given 
in Table I. 

Table I 

T«/W Size in mm. 

0 
O’ 

30’ 

60“ 

90" 

Since the experiments were performed, Bonner and Brubaker* have 
redetermined the neutron enei^ as W = 2-4 m. c-volts; but using this 
figure there is no sensible difference in the counting scales, as such differ' 
ences amount only to a few hundredths of a millimetre and are within the 
experimental error of counting. It may be of interest to note the order 
of magnitude of the error which would be introduced if we had not used 
the calculated scale sizes, but had counted all traces over one constant 
size. For E == 200 kv. the error introduced between 0 = 0* and 0 = 90* 
is about 20%. 

We must now consider the possible variation with neutron velocity in 
the cross-section of helium (e) for elastic collisions with neutrons and the 
associated variation in angular distribution of the recoil helium nuclei; 
for it is clear that variations in these will greatly influence the number and 
distribution in size of the “ kicks ” observed. The neutron energy for 
E = 200 kv. varies as the ratio 1 *22/0-84 for the angular range 0 = 0* to 
0 = 135°, so that the velocity of the neutrons changes by about 20%. 
One would not expect any large variation in e or the angular distnbution 
of recoils over such a small velocity range, either from theoretical con- 
siderations or from the few experiments relating to the collision of fast 
neutrons in helium. No experimental evidence whatever has been obtained 
relating to the variation in the angular distribution of the recoils in 
helium, but this matter is essentially connected with the variation of <r 
with neutron velocity, and we may therefore assume that if no large 
variation occurs in the one, none is to be expected in the other. We shall 
return later to the possible variation in o in connexion with the experi- 
mental results. 

To obtain sufiSdent counts in the helium chamber, the distances SS' {see 
fig. 1) could not be increased much above IS cm. The source AA' is 


200 kv. 
1-22 
1-19 
Ml 
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100 kv. 
1-16 


108 
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^kv. 
3-86 
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100 kv. 
3-66 
3-60 
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3-16 


• ‘ Phyi. Rev.,’ vol. 49, p. 19 (1936). 
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about 2 cm., and the counter BB' about 4 cm. in diameter. The average 
solid angle subtended by the counter over the surface of the source was 
calculated for the simplified case in which the source is considered as a 
circle of diameter AA' and the counter as a circle of diameter BB' the 
plane of which was normal to SS'. It can be shown that 



where tlso and Qq are the average solid angles for 0 = 90° and 0 = 0°. 
For SS' = 1 S cm. as obtained in the experiment, the change in solid angle 
is therefore less than i% and may be neglected. We see also that the 



angular definition in these experiments is approximately 3/15 radians, or 
about 10°. 

It might be though^ that neutrons scattered from the paraffin surround- 
ing the boron counter would be counted in the helium chamber, and 
that owing to the lack of symmetry (for different values of 6) this would 
affect the apparent angul^ distribution. But for this to occur the 
scattering an^e must be large, and the neutrons must make several 
collisions in the paraffin, and will therefore be reasonably slow. The 
helium counter is insensitive to slow neutrons since we counted over 
fairly large scale sizes. 'This important point was verified experimentally. 
For this purpose a series of short runs (i minute) was done with the helium 
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counter alone in a fixed position. The parafiln was alternately placed in 
position and removed. With several runs of this kind, fluctuations in the 
source are averaged out and any difference between the two sets must be 
ascribed to neutrons scattered from the paraffin into the helium counter. 
In several experiments no difference outside the statistical errors was ever 
found. We may therefore conclude that the scattering due to the paraffin 
is of no importance. 

The first experiments, performed with the arrangement shown in fig. 1, 
showed a marked asymmetry about 0 = 90° for bombarding voltages of 
both 100 and 200 kv. This asymmetry, as shown in fig. 2, takes the form 
of a marked increase in the number of neutrons observed at angles 
greater than 60° to the bombarding beam. When such curves are 
reduced to relative coordinates (which correction is never more than about 
30%) the number of neutrons observed at an angle of (7t/2 + ^) is much 
grater than that observed at (7c/2 — ^). But it is clear that in relative 
coordinates, i.e., the centre of gravity of the system being at rest, the 
directions {nj2 + and (nil — 4) ®tust be equally probable unless the 
incident deuterons have a definite orientation. As such an orientation is 
very unlikely, it seemed probable that the observed rise for angles greater 
than 60° was spurioixs. Such a spurious effect might arise from either or 
both of two causes. This work was done with the high voltage set con- 
structed by Oliphant,* and in this the beam of deuterons is led through a 
large wall of heavy brick. The wall is between the high voltage set, dis- 
charge tube, etc., and the actual target and counters, its function being to 
protect the workers from the X-rays produced. The target A (see fig. 1) 
in these experiments was comparatively close to C, so that an appreciable 
number of neutrons might have been scattered backwards from the wall 
into the counter. Alternatively the tube AC itself, and in particular the 
tap T (on account of its constriction), might be acting as a neutron source 
owing to the deposition of deuterium from the beam. Both of these 
effects would be manifested as an anomalous increase in the number of 
neutrons observed at large angles. 

A calculation of the order of magnitude of scattering by the wall was 
attempted on the assumption that the neutron collisions in the wall result 
in a uniform angular distribution, and that the cross-section for collision 
was of the order of 8 X 10“*® cm.* For R = 30 cm. and a = 20 cm. 
(fig. 1), as in these experiments, the number of neutrons scattered from the 
wall into the cormter was calculated to be about 6% of the number passing 
directly through the counter. In the experiments described below, R was 


• • Proc. Roy. Soc.,’ A, vol. 144, p. 692 (1934). 
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increased to about 60 cm., so that the corresponding ratio is about i%. 
This source of error can therefore be consider^ as removed. 

Most of the contamination effect of the deuterium in the target tube was 
found to be due to the tap T. In fact, the tap acted as a neutron source 
of about one-fifth the strength of our (ND4)|S04 target, the rest of the 
tube emitting fewer but a still appreciable number of neutrons. After 
much trouble the effect of the neutrons coming from the tap and the target 
tube was obviated by using the arrangement shown in fig. 3 . It is clear 
that the large blocks of paraffin PP serve effectively to slow down and 
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absorb the neutrons emitted at T. The majority of these neutrons which 
reach the helium counter will consequently be so slow as not to be counted. 
The paraffin block Q moved with the helium counter, and it was found 
that within experimental error this was effective in e liminating the neutrons 
from the target tube. Pyrex sheets shown in the figure prevented neutrons 
scattered in Q from affecting the bmon counter. 

Check experiments showed that the pyrex acted in the desired way. 
Another contributory factor fo the remo>^ of this difiSculty (^the counting 
of neutrons not emitted directly from the target was the use, as alrea# 
stated, of Al(OD), as a target in place of (NDO1SO4. The r^tive effect 
of deuterium contamination was greatly reduced by the increased yield 
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of neutrons. A curve obtained with this arrangement is shown in fig. 4 
and is symmetrical about 90°. 

We have already remarked on the possibility of a variation with neutron 
velocity of the cross-section of helium nuclei (a) for neutron collisions and 
its consequent effect on the observed distribution. That such a variation 
over the neutron velocity range considered is inappreciable is at once 
seen from the symmetry of the curve of fig. 4 about 0 = 90°. For the 
neutron velocities, for 7r/2 — ^ and njl + are different, and any 
appreciable difference in a would be revealed by a difference in the yield 
of recoils at these angles and therefore in asymmetry of the observed curve 
about 0 = 90°. It can therefore be stated that the variation in a with 
neutron velocity is within the experimental error, say, 10% at most. 
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It was clear by this time that no really accurate data could be obtained 
without great difficulty and the expendituie of a disproportionate amount 
of time ; so that it was decided only to determine the ratio of emission for 
0 = 0° and 0 = 90°. For this purpose two experiments were decided 
upon. 

A — ^With the above arrangement, neutrons from places other than the 
target, and in particular the target tube, have their maximum effect at 0°, 
for owing to the conical hole in Q the paraffin does not stop any of them 
at this angle. This arrangement should therefore give a tnaximum for the 
0° to 90° ratio. 

B — Running without the paraffin Q, the effect of the target tube should 
be greater for 0 = 90° than for 0 = 0°, owing to the solid angles involved. 
In this way, therefore, one should obtain a minimum for the 0° to 90° ratio. 

Actually, although the results in A were slightly higher than in B, about 
20%, the difference was not so large as we had expected from our first 
experiments. As explained above, this is to be attributed to the much 
greater efficiency of an Al(OD), target as compared with (ND«),S 04 . 

The final curves for 200 kv. and 100 kv., each of which represents the 
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mean of several experiments, are shown in fig. 5. These curves in them- 
selves are of no obvious significance but must be transformed into relative 
coordinates. Since the energy of the incident deuterons and the reaction 
energy are both known, this transformation is easily effected and results 
in the curves shown in fig. 6. In passing we may note that this correction 
is probably too large ; for the average energy of the bombarding deuterons 
will be less than that of the accelerating voltage owing to penetration into 



Fio. 5— • - 200 kv , O - 100 kv. 



the target and the fact that no magnetic analysis was used. It is difficult 
to estimate how important this over-correction is, but a consideration of 
thf factors involved shows it not to be large. 

The difference between the results for 100 kv. and 200 kv. is as seen in 
fig. 6, small and within the experimental error. This is somewhat sur- 
prising in view of the fact that the wave-length of the deuterons changes 
by a factor of Vl for E = 100 and 200 kv., and indicates that the non- 
uniformity of the angular distribution is at best only slightly velocity 
sensitive. 

The actual shape of the curve between 0° and 90° is not >vell established 
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in these experiment. In the proton experiments, which are described 
later, more attention has been paid to this matter, and one may assume, 
in the absence of experimental data, that the distribution of both neutrons 
and protons are qualitatively the same. From the neutron experiments 
alone one can only say that the angular distribution in relative coordinates 
is not uniform, but that the neutron emission is about 3/2 times as great 
forwards as at right angles, and that the distribution is symmetrical about 
e-= 90°. 


Proton Investigation 

The difficulties inherent in the investi^tion of the angular distribution 
of charged particles are much greater than for neutrons. For cither one 



must have a complicated series of windows at all the angles at which one 
wishes to measure, or one must construct a counter which can be rotated 
under vacuum in the evacuated space containing the target. In the 
reaction now considered these difficulties can, however, be obviated by 
using the contaminating property of a deuteron beam. A target of any 
substance bombarded with deuterons adsorbs sufficient deuterium to 
constitute an effective deuterium target. If, in particular, a thin foil be 
bombarded with deuterons, the protons emitted in the transmutation 

*D + *D »r + IH, 

which have a range in air of about IS cm., will pass through it and may be 
counted. 

Our experimental arrangement is indicated in fig. 7. A brass tube 
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about S cm. in diameter is cut at angle of 4S° with respect to its axis and 
closed by a flat elliptical brass plate AA'. At the centre of this and 
parallel to its minor axis is cut a slit BB' about 2 mm. wide and 1 cm. 
long. The back edges of the slit are milled away so that the angle a is 
30°. An aluminium foil, of S cm. of air equivalent stopping power, is 
waxed over the slit, being insulated from the plate by a thin mica sheet 
from which a slit of the above size is also cut. The current of deuterons 
hitting the aluminium foil can therefore be measured. 

The counter is mounted so that it can be rotated, at a fixed distance, 
about the middle point of BB'. The width of the brass tube, the dia- 
phragm D, and the bevelling of the slits, ensure that at any angle between 
0 = 0° and 0 = 90° no protons can be counted other than those coming 
from the strip of aluminium covering BB'. For example, protons coming 
from BC and B'C' cannot reach thecounter, nor is it likely that the deuteron 
beam will spread sufficiently to give an appreciable number of protons from 
the tube wall at E. 

In these experiments only one counter was used. Apart from the 
experimental inconvenience of mounting another counter in the proton 
investigation, the second counter is not so essential as in the previous 
neutron experiments. In those, the counting rate was low, and the runs 
were often 2 or 3 minutes in length. But in the proton case, half a 
minute was usually sufficient to obtain a reasonable number of counts. 
By repeating these short runs many times for the same apparent con- 
ditions, fluctuations in the source were averaged out. To ensure that 
violent fluctuations did not occur, thecurrent of deuterons to the aluminium 
was measured, and ail runs discarded unless this current remained con- 
stant. 

The chief inconvenience of this arrangement is that angles greater than 
90° cannot be investigated.* On the other hand, it is particularly satis- 
factory in that the geometry for 0 = 0° and 0 = 90° is almost identical, 
there being symmetry about 0 = 45°. 

The maximum stopping power of the aluminium foil used is obtained 
for 0 = 0° and 0 = 90° and is about 7 cm. of air. As the proton range 
for 0 = 90° is about IS cm. and increases with decreasing 0 up to nearly 
20 cm. for 0 = 0°, we have a minimum path of protons outside the 
aluminium of about 7 cm. In all the experiments the distance between 
the counter front and BB' was approximately 3^ cm. Thecoimter front 
also bad a bevelled slit 2 mm. x 1 cm. parallel to the slit-shaped proton 

* It was actually possible to make 0 as great as 100°, and this was done toenture that 
then was no rapid dnqipmg oS in yield beyond 90°. 
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source, so that the angular definition was about 3“. The distance between 
source and counter was at least constant to 1 mm., so that the variation in 
the solid angle subtended by the counter at the source was at most 
(0 • 1 /3 • 5)*, i.e., about 6%. As each angle was investigated many times, the 
actual errors due to this cause must be much less than this upper limit. 

Typical curves obtained are shown in figs. 8 and 9. It is seen that the 
general appearance is identical with that already obtained for the neutrons. 



Fio. 8— lOOkv. 



Fio. ^200 kv. 

and in particular the ratio of the intensities at 0° and 90° is approximately 
the same for both. In the proton experiments it was, however, possible 
to investigate the shape of the curve in more detail, and as shown in fig. 9 
the curve between 0“ and 30° and between 60° and 90° is approximately 
flat, most of the fall between 0° and 90° occurring between 30° and 60°. 

In fig. 10 are shown the final weighted mean curves of a considerable 
number of separate experiments, and the root mean square errors are 
indicated. These curves transformed to relative coordinates are shown in 
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fig. II. One sees that the non-uniformity of the angular distribution 
appears to be more marked for 100 kv. than for 200 kv., a somewhat 
surprising result. The difference between the two is, however, not very 
much greater than the root mean square errors, so we should not like to 




Fio. 11— O 100 kv.; • 200 kv. 


insist too much on its possible significance. Apart from this the proton 
distribution, as shown in fig. 11, and the neutron distribution, as shown in 
fig. 6, are remarkably similar, in particular the ratio of the intensity of 
emissions at 0° and 90° being approximately 3 : 2 in both cases. 

We wish to express our thanks to Professor Lord Rutherford and to 
Dr. M. L. E. Oliphant for their hdp and unfailing interest in this work. 
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and to Mr. G. R. Crowe for his technical assistance. One of us (B. C. B ) 
js indebted to the D.S.I.R. for financial assistance. 

Summary 

The angular distribution of the protons and neutrons emitted in the 
transmutations 

*D + *D »T + iH, 

*D + *D ^ »Hc + 

has been investigated. For the coordinates in which the centre of gravity 
of the system is at rest it is found that the angular distributions are 
symmetrical about an angle of 90° to the direction of the incident particles, 
but that the intensity of emission at 0° is about 3/2 times that at 90°. Both 
distributions are relatively insensitive to the energy of the incident deu- 
terons between 100 and 200 kv. 


The Structure of Isatin — I 
By E. G. Cox, T. H. Goodwin, and A. I. Wagstaff 
{Communicated by W. N. Haworth, F.R.S. — Received 3 June, 1936) 
[Plato 10] 

I— Introduction 

The constitution of isatin has long presented a problem of considerable 
interest. This substance may react either as a lactam (I) or as a lactim 
(II), giving rise, for example, to two quite distinct methyl ethers, the 
nitrogen-ether (III) or the somewhat unstable oxygen-ether (IV). The 
failure of purely chemical methods to determine which of the structures 
(I) or (II) is to be assigned to isatin has led various workers to investigate 
the problem by means of optical absorption spectra. Hartley and 
Dobbie,* owing to the difficulty of ensuring the stability of the oxygen- 
ether in solution, concluded that the spectrum of isatin resembled that of 


* ‘ J. Chrai. Soc.,’ vol. 55 , p. 640 (1889). 



400 E. G. Cox, T. H. Goodwin, and A. 1. WagstaflF 

the JV-ether more closely than that of the O-ether, and inferr^ that isatin 
possessed the lactam structure (1). Later workers,* however, takitj^ 
precautions to prevent the decomposition of the O-ether, found that its 
absorption spectrum, while certainly different from those of the other 
two substances, is not sufficiently so to lead to any definite decision as to 
the structure of isatin itself. 



The present investigation was therefore undertaken in the hope that 
X-ray methods would yield more conclusive results; since the C=0 and 
C— OH bonds differ by nearly 20%, and the C=N and C— N bonds by 
at least S%, a quantitative study of isatin should distinguish clearly 
between the formulae (I) and (II). Apart from the variation in bond 
lengths, however, differentiation between the molecules represented by 
(I) and (II) might be possible on the basis of their arrangement in the 
crystal lattice. Experience suggests that, subject to the exigencies of 
molecular shape, organic molecules containing groups capable of dipole 
association, formation of hydroxyl bonds, etc., tend to arrange them- 
selves in the solid state so that such association or coordination does 
take place to a very large extent; thus, for example, in the present case a 
molecular arrangement involving juxtaposition of oxygen atoms would 
indicate hydroxyl bonds and therefore favour the lactim structure (II) 
while the close approach of a nitrogen atom to a nitrogen or oxygen 
in neighbouring molecules might suggest “ amino ” bonds between mole- 
cules of the lactam (I). The present paper contains an account of the 
determination of the molecular arrangement in crystalline isatin together 
with the conclusions to be drawn from it, and also X-ray data for several 

* Morton and Rogers, * J. Chem. Soc.,’ vol. 127, p. 2698 (1923); Ault, Hirst, and 
Morton, ibid., p. 1633 (1933). 
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related substances whose structures might be expected to throw light on 
that of isatin ; these are the two methyl ethers (III) and (IV), 3-hydroxy- 
quinolone (V), and the so-called “methyl isatoide” {see §V)> The 
decomposition of the 0-ether has also been studied by X-ray methods. 
The detailed structure of isatin as determined by Fourier analysis will be 
published m Part II. 

II— Isatin 

The results of earlier crystallographic measurements on isatin are 
recorded by Groth;* it is described as crystallizing 
in elongated monoclinic prismatic combinations of 
/n{110} and 6(010} terminated by ^{011} or /•{102}, 
and exhibiting good cleavage parallel to the latter v 
form. The axial ratios are 

a: 6: c = 0-4251: 1:0-5025; p = 94M2'. NH 

The plane of the optic axes is 6(010}. 

The material used in the present investigation was recrystallized from 
hot water. Goniometric examination confirmed the above data while 
the optical results were extended. The crystals exhibit very high negative 
birefringence the refractive indices for yellow light being as follows : 
a 1 -46 ± 0-005 perpendicular to r( 102}. 

P 1-80 ± 0-03 perpendicular to 6(010}. 

Y 1-90 ±0-03 paraUelto[201]. 

A centred acute bisectrix figure is visible through r{ 102}, the optic axial 
angle in air being about 100'’. 

X-ray single crystal rotation photographs about the a, b, c, [110] and 
[Oil] axes together with measurements of the spacings of the (020) and 
(100) planes led to the following values for the cell dimensions: 

0 = 6-19 A., 6= 14-55 A.. c = 7-19A.; p = 95“ 00', whence 
o: 6: c = 0-4254: 1:0-4941 {cf. values above). These measurements 
and all others recorded in this paper were made with copper Ka radiation. 

By the flotation method the density was found to be 1 -51 gm./cm.*, so 
that the number of molecules in the unit cell is 3 -97 :::: 4. The lattice is 
a simple one, and analysis of the 6- and c-axis oscillation photographs 
shows that the only abnormal spacings are (OitO) absent for k odd, and 
(60/) absent for / odd. Thus the space-group is P2i/c (QJ and the 
molecular symmetry is 1, i.e., none. An X-ray powder photograph of 
isatin is reproduced in fig. 26. 

* * Chem. Kiystalloar.,’ vol. S, p. 564. 
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The cell dimensions recorded above do not give any indication of the 
molecular arrangement in crystalline isatin. The high negative bire- 
fringence (O’ 44) shows, however, that the molecules (which must un- 
doubtedly be nearly or quite flat) are all approximately parallel to one 
plane, namely r(102), which_ contains the two high refractive indices P 
and y. The spacing of (102) (3-25 A.) is of the expected order for the 
perpendicular separation of flat molecules, while the good cleavage parallel 
to this face, and the very high intensity of its X-ray reflexion (Table I) 
both point to the same conclusion. Owing to the uncertainty in esti- 
mating extinction effects in the small crystals available, it is difficult to 
decide from the measured intensity of (102) whether the molecules lie 
exactly in the plane or not, but the divergence is evidently very small, and 
in the following discussion it is assumed that all the atoms (with the 
possible exception of hydrogen) are situated in the { 1(^} planes. 

All possible distributions of the molecules in the (102) planes have been 
considered, the criteria for a satisfactory structure being the maintenance 
of the appropriate intermolecular distances and good agreement between 
observed and calculated X-ray intensities. For this purpose lactam and 
lactim models based on the following bond length were used : — 

A. A. 

C — C in benzene ring I -42* C 2 =N 1 -Slf 

Q,— Ca 1’48* C-O 1-46 

Ca— C, 1-54* C=0 list 

c — N • 1 -ast 

We have taken the minimum permissible intermolecular distances to be 

C C = 3-5 A., and C O = 3*2 A. The distances =0 >NH 

and >0 — N< are less certain, but since both =0 — NH, in urea§ 

and >N N< in cyanuric triazidef are approximately 3-2 A., it may 

be assumed that the same figure is valid for them provided no coordina- 
tion takes place. 

In spite of systematic trials, it was found impossible to obtain an arrange- 
ment either of lactam or lactim molecules which satisfied the above 
copditions. It appeared, however, that if neighbouring molecules were 
permitted to approach so that the O — N distance was reduced to about 
2-8 A., then a structure which was otherwise satisfactory might be found. 
O — N distance of this order would imply the existence of some form of 
bond, and although there has previously been no direct evidence of it, 
• Robertson, “ Rqiort of Intematimiai Congress on Physics,” vol. 2, p. 46 (1934). 
t Kjuw. • Proc. Roy. Soc.,’ A, vol. 150, p. 576 (1935). 
j Robertson, * Proc. Roy* Soc..’ A. vol. 150, p. 106 (1935). 
i Wyckoff, ‘ 2. Kiystallogr.,’ vol. 81, p. 1(» (1932). 
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it seems probable that the linking of oxygen to nitrogen through a hydro- 
gen atom is of fairly frequent occurrence. In this case, the hydrogen 
would evidently play the same role as in the hydrogen and hydroxyl 
bonds* between oxygen atoms, although* the binding cannot, in general, 
be expected to be quite so marked on account of the smaller electrical 
anisotropy of the nitrogen atom. We may thus anticipate the existence 
of either hydrogen bonds N — H — O or “amino” bonds N — H..0 in 
isatin in addition to the hybrid hydroxyl bonds N . . H — O. 

Very close packing of the molecules is further suggested by the high 
density of isatin (1 -51 gm./cc.) as compared with the densities found for 
its N- and O-ethers, viz., 1-40 gm./cc. and 1*38 gm.jcc. respectively. 
The corresponding molecular volumes are: isatin 161 A.*; N-ether 190 A.*; 
0-cther 193 A.*. The mean increment for the CH, group is therefore 
30 -5 A.®. This figure is considerably higher than the average (24 A.®) 
found from representative homologous series of solid organic compounds, 
and the inference is therefore that the packing of isatin molecules in the 
lattice is appreciably greater than in its ethers where no coordination can 
be expectwl. 

Actually, owing to the relative positions of the nitrogen and oxygen 
atoms in the same molecule and to space group considerations, the only 
possibilities of coordination which need be considered, are the centro- 
symmetncal arrangements shown below (VI), (VII), and (VIII). Owing to 
lack of data regarding bonds involving nitrogen, it is not practicable at 


;C-0-H C-O-Il, f- 

-N >- -< -11 

Vo-C ^-O-C^ H 

I I 

VI vn 


the present stage to differentiate between .these alternatives, but it is 
clear that in any case the intramolecular bond lengths will lie between 
those corresponding to the lactam and lactim structures. We have 
therefore adopted the following interatomic distances in making up a 
model from which to calculate X-ray intensities for comparison with the 


experimental observations: — ^ 

C to C in benzene ring 1-42 Ci to N 1 -35 

C.toCj • 1-48 C,toO, 1-25 

C,toC, 1-54 C,toO, 115 

CgtoN 1-38 


Bernal and Megaw, ‘ Proc. Roy. Soc.,’ A, vol. 151, p. 413 (1935). 
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In order to distort the valency angles in the heterocyclic ring as little as 
possible, we have assumed the CbC, and C,N bonds each to be deflected 
10° towards the other from their normal position (radial to the benzene 
ring), while the CO bonds have been made to bisect the C, and C, angles. 
Of the numerous possible arrangements of these molecules in the 



(102) plane, those involving intermolecular distances of less than 3-S A. 
(between carbon atoms) were first eliminated. The remainder were 
systematically tested by means of the intensities of various reflexions, and 
in one case only was a satisfactory agreement between observed and 
calculated intensities obtained. The molecular arrangement so found is 
shown in fig. 1 as a projection on (102). The molecules are associated in 
pairs about the centres of symmetry so that the O N distance is 
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2-8 A., and are oriented so that the line joining C, to the symmetry centre 
is parallel to the 6-axis and 4- 18 A. in length. The agreement between 
experimental (F,xp) and theoretical (Ftb«o) structure factors is shown in 
Table I for various planes; the low experimental values for the two 
strongest planes (102) and (110) are probably largely due to extinction 
effects. The observed intensities (1) are the al^lute integrated intensities 
for a crystal of unit volume (corrected for absorption). They were 
estimated in the first instance by comparison with calibration spots of 
known intensities recorded on the photographs by means of a rotating 
stepped sector disk, taking the (040) reflexion as standard; the absolute 
intensity of (040) was then measured by comparison with the (400) 


hkl 

020 

040 

060 

080 

too 

200 

300 

400 

302 

312 

322 

332 

342 

110 

220 

330 

102 


Table I 

I X 10* Fmp 

128 20 

211 37 

11*6 11 

85 37 

6-4 4-8 

0-25 1-4 

64 29 

0*5 3*2 

10 4-2 

26 21 

37 26 

2-6 7 

28 24 

455 43 

82 29 

0'8 3-4 

1230 97 


Ftbso. 

32 

33 
12 
25 

3-2 

03 

23 

1-2 

6-5 

15 

40 

12 

19 

68 

30 

8 

160 


rocksalt reflexion, using a procedure previously described,* modified 
appropriately for the small crystals available. The structure factors 
(F,.xp) have been obtained from the intensities by means of the usual 
formula for a mosaic crystal 

.NW 1 4-cos»2e p, 

2m»c‘ ‘ sin 20 ’ 

while the theoretical structure factors F(h.o. have been calculated from fhe 
structure shown in fig. 1, using atomic scattering factors for carbon based 

* Cox, Wardlaw, and Webster, * J. Chem. Soc.,’ p. 780 (1936). 
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on the data of James and Brindley.* For the present purpose of deter- 
mining the molecular arrangement, it has been considered suflSciently 
accurate to ignore the differences in the scattering powers of carbon, 
nitrogen, and oxygen, particularly as the first of these elements preponder- 
ates in the molecule. 

In view of the uncertainties to the precise values to be ascribed to the 
bond lengths, and of the approximation just mentioned, the agreement 
between the experimental and theoretical structure factors is satisfactory, 
and there can be no doubt that the molecular arrangement shown in 
fig. 1 is substantially correct. In particular the association of the mole- 
cules through N O linkages appears to be definitely established, and 

it IS therefore highly probable that in the crystalline state isatin is neither 
truly lactam nor truly lactim, but exists in some form intermediate 
between the two. Whether this intermediate form has a resonance 
structure involving hydrogen bonds, such as (VI), or has a structure 
exhibiting “ amino ” (Vll) or hydroxyl bonds (VIII) cannot be decided 
at present. The elucidation of this point and an investigation of the 
possible persistence of molecular coordination in the dissolved state will 
be reported in Part 11. 


1 1 1— -/V-Methylisatin 

No previous crystallographic work on AT-methylisatin had been 
recorded. It is polymorphous, two forms having been definitely recog- 
nized, while certain evidence points to the probable occurrence x)f a third 
form. Their absorption spectra in solution are indistinguishable, while 
their melting points and mixed melting points are the same. Conse- 
quently there can be no doubt that they are chemically identical. They 
have been designated a, p, and y- 

Both a and p forms arc orthorhombic. The a-modification crystal- 
lizes from water in long red needles elongated parallel to the c-axis with 
the prism form A:{410} fully developed, a{ 100} being frequently present. 
The p-variety is obtained from benzene-ether solution as thin yellow 
plates elongated parallel to the c-axis and tabular on a{ 100} and exhibiting 
the forms 6(010} and 9(011}. The y-A^-ether is also acicular, fan-like 
growths of rather thick needles showing straight extinction being common. 
In habit and colour in non-polarized light it is definitely different from the 
a-form but it has not been examined sufficiently to show whether any more 
fundamental differences exist. It crystallizes with the a-modification 

• ‘ Phil. Mag.,’ vol. 12, p. 81 (1931); Cox and Goodwin, ‘ J. Chem. Soc. ’ p. 773 
(1936). 
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from which it can be separated by hand picking. All three types of 
crystal are pleochroic. 

The optical and X-ray data for the a- and ^-modifications are sum- 
marized in Table II. Since the structures of both forms are evidently 
very complex and are not related in any simple way to those of isatin 
and the 0-ether, no attempt has been made to determine the molecular 
arrangement, although it is clear from the optical properties (high bire- 
fringence with the minimum index parallel to the c-axis) that in both cases 
the molecules are arranged with their planes not greatly inclined to the 
(001) planes, the parallelism being closer in the ix-form. In neither 
modification is the parallelism so complete as in isatin, as is shown by the 
higher values of the minimum refractive indices (I -52 and 1-S6, as 
compared with 1 -46 for isatin) and by the absence of any outstandingly 
strong X-ray reflexion intensities. Since the methyl group is presumably 
not in the same plane as the remainder of the molecule, a less perfect 
alignment is to be expected. 

The a-modification provides an excellent example of the “ enhance- 
ment principle,” for the at-axis is nearly quartered and the c-axis nearly 
halved. This last observation confirms that the molecules are approxi- 
mately parallel to the (002) planes. 

It seems likely that the molecular arrangements in the two forms are 
not very different since [a], = [a]^ while [h], ~ [Olljp. Thus in the 
P-form the molecules are probably more nearly parallel to the {011} 
planes (whose spacing of 6-5 A, corresponds with [c],) than to (001). 

A powder photograph of a-iV-methylisatin is reproduced in fig. 2d. 


IV— 0-Methyusatin 

This compound (IV) crystallizes from benzene in blood red mono- 
clinic prismatic combinations of c{001} and s{20T} equally developed, 
with a{100} very much smaller; they are somewhat elongated parallel 
to the h-axis and are terminated by the prism form 9(210}. Crystals of 
a different habit sometimes occur, being tabular on c{001} and bounded 
by 9(210}. The angle c(001): j(20l) = 53° 01'; owing to the poorness 
of the faces the other interfacial angles could only be measured approxi- 
mately. 

The optical and X-ray data are summarized in Table II. 

The instability of the 0-ether has been recognized for some time,* but 
the exact nature of the decomposition products has been uncertain. It 


• E.g., Morton and Rogers, he. cit. 
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is now fonnd that the changes which occur in solution are entirely different 
from those taking place in moist air. Thus, when an alcoholic solution 
which had been allowed to stand for two days was evaporated to dryness, 
crystals of isatin were obtained. These were identified by microscopic 
and X-ray examination as well as by their melting point and mixed 
melting point The absorption spectrum of a two-days-old solution of 
(7-methylisatin is not, however, that of isatin.* It therefore seems 
probable that the first product of decomposition of the 0-ether (IV) is 
o-aminobenzoylformic ester (IX) (or acid), which then, on evaporation, 
eliminates methyl alcohol (or water) to form isatin (I). 



IV R I 


In air of normal humidity, on the other hand, the decomposition 
proceeds much more slowly and may take several months to reach com- 
pletion. The product is a yellow powder which sublimes on to the 
covering vessel. This is the “ methylisatoide ” described by von Bacyerf 
and Hantzscht {vide § V). The course of this decomposition has been 
followed by X-ray methods; powder photographs of the initial 0-ether 
and of the final product (methylisatoide) are reproduced in figs. 2(e) 
and (c). 


V — “ Methylisatoide *’ 

Von Baeyer,§ Hantzsch,§ and other workers have attempted with only 
partial success to determine the constitution of this substance, which is 
apparently formed by the combinaUon of isatin and its O-methyl ether 
during the decomposition of the latter in moist air. The X-ray results 
confirm that the molecular weight corresponds with the formula 
Ci,Hio 04 Na; moreover, the substance does not appear to be a compound 
of isatin with its JY-methyl derivative since recrystallization together of 
equimolecular proportions of these two substances yields only a mixture 
of them. 

* Ault, Hint, and Morton, be. cit. 
t ‘ Ber. deuto. chem. Gos.,’ vol. 15, p. 2094 (1882). 
t IM., vol. 54, p. 1221 (1921); voL 55, p. 3180 (1922); etc. 

I Loe. eit. 
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Methylisatoide crystallizes from alcohol in monoclinic prismatic com* 
binations of m{011} fully developed, with c{ 001} and 6(010} frequently 
occurring as very narrow faces. The prisms are terminated by a{ 100}. 

The X-ray and optical data are summarized in Table II ; the assumption 
of eight molecules in the unit cell (apart from its improbability on general 
grounds) would lead to a molecular weight of 151 i: 2, which is in- 
compatible with the formula of any isatin derivative. 


VI — 3-Hydroxyquinolone 

When isatin is treated with a slight excess of diazomethane in dry 
acetone, a colourless or light brown compound is produced. This 
substance has been identified as 3-hydroxyquinolone by Ault, Hirst, and 
Morton.* It is triclinic and usually crystallizes with the pinacoidal 
forms a{ 100}, 6(010}, and c(001 }. 

The X-ray and optical data are summarized in Table II. The r-axis 
rotation photograph shows weak odd layer lines; this indicates inter- 
leaving of molecules along the c-axis and consequently there are two 
molecules in the unit cell. The molecular weight is therefore 160*3 db 1 
since the density was found to be 1*497 g./cc.; C^HtOjK 161*1. 

Powder photographs of 3-hydroxyquinoIone and of 3-raethoxy- 
quinolonc are shown in figs. 2/ and 2a. The former is remarkably like 
that of isatin (fig. 26), suggesting a similarity of molecular arrangement. 
It IS reasonable to suppose that here also association of molecules through 
imino and carbonyl groups occurs. Since the birefringence is high, the 
molecules are presumably coplanar \^th their planes normal to the 
minimum refractive index, i.e., in the (012} planes. The spacing of these 
planes (3 *2 A.) corresponds closely with that of the ( 102} planes of isatin. 
Moreover, the length of the [021] axis (15*0 A.) and the spacing of the 
(100) plane (7 *14 A.), both of which lie in the (0r2) plane, correspond 
respectively with the [010] and [201] axes of isatin (14*55 A. and 2 x 
6*^ A.). Since, in solution at least,* 3-hydroxyquinolone appears 
definitely to have a lactam structure, a detailed comparison of its solid 
structure with that of isatin should be of special value and will be reported 
in Part II. 

We are indebted to H.M. Dei»rtment of Scientific and Industrial 
Research for a Senior Research Award to one of us (T. H. G.), and to 


* Ault, Hirst, and Morton, loc. dt. 
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Professor W. N. Haworth, F.R.S., and Dr. E. L. Hirst, F.R.S., for their 
continued interest and valuable discussions. We have also to thank 
Dr. R. A. Morton and Dr. R. G. Ault for supplying various specimens. 


VII — Summary 

The failure of chemical and spectroscopic methods to decide between 
the lactam and lactim structures for isatin has suggested an attempt on 
the problem by X-ray methods. The present paper contains an account 
of the determination of the molecular arrangement in crystalline isatin, 
from which it is concluded that the structure is intermediate between 
the two. The molecules are found to be disposed in parallel layers in 
such a way that the nitrogen atom and adjacent oxygen atom in one 
molecule approach very closely (2-8 A.) to the oxygen and nitrogen atoms 
respectively in the next molecule. It is inferred from this that some type 
of coordination (hydrogen, hydroxyl, or “ amino ” bonds) occurs. 

Several related substances have also been examined, but with the 
exception of 3-hydroxyquinolone their structures do not appear to bear 
any marked similarity to that of isatin, and they have therefore not been 
studied in great detail. 


2 E 2 
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Spectroscopic Identification and Manometric 
Measurement of Artificially Produced Helium* 

By F. A. Paneth, E. GlOckauf, and H. Lolett 
(Communicated by J. C. Philip, F.R.S. — Received 3 June, 1936) 

The evidence for artificially produced elements has so far been based 
entirely on radioactive methods (fluorescent screen, electrometric device, 
or Wilson chamber) ; either the rays accompanying the process of trans- 
mutation have been observed, or, in the case of artificial radio-elements, 
the rays emitted by the products of transmutation have been used for their 
detection and the study of their behaviour. The amount of new matter 
is usually so small that there is no possibility of discovering it by any 
non-radioactive method; attempts to detect hydrogen spectroscopically 
have failed,! but with helium where the limit of identification is so low 
(see I) there was more hope of success. 

There are at present several processes of artificial transmutation of 
which helium is known to be a product. In high-voltage apparatus it is 
difficult completely to exclude the possibility of contamination by helium 
from the air, or from glass walls;! but bombardment by radioactive 
sources can be carried out under conditions much better suited to our 
purpose. Chadwick and Goldhaber§ and Fermi and co-workers|| have 

* * Helium Researches XIII.’ As previous numbers of the ' Helium Researches ’ 
are frequently quoted, we give the references here : I, II, and III, Paneth and Peters, 

‘ Z. phys. Chem.,’ vol. 134, p. 353 (1928); ibid., B, vol. 1, pp. 170, 253 (1928); IV, 
Paneth, Gehlen, and Peters, * Z. anorg. Chem.,’ vol. 175, p. 383 (1928); V, Paneth, 
Gehlen, and GOnther, ‘ Z. Elektrochem.,’ vol. 34, p. 645 (1928) ; VI, Paneth. Petersen, 
and Chloupek, ‘Ber. deuts. chem. Ges.,’ vol. 62, p. 801 (1929); VII, VIII, and 
IX, Paneth and Urty, ’ Mikrodiem,’ Emidi-Festschnft, p. 233 (1930); ‘Z phys. 
Chem.,’ A, vol. 152, pp. 110, 127 (1931); X, Paneth and Koeck, ’Z. phys. Chem.,’ 
Bodenstem-Festband, p. 145 (1931); XI, GOnther and Paneth, ‘ Z. phys. Chem.,’ A, 
vol. 173, p. 401 (1935); XII, Holmes and Paneth, ‘Proc. Roy. Soc.,’ A, vol. 154, 
p. 385 (1936); referred to later as I, etc. 
t Paneth and GOnther, ‘ Nature,’ vol. 131, p. 652 (1933) See also XI 
i See Paneth and Thomson, ’ Nature.’ vol. 136, p. 334 (1935). 
i ChadwKk and Gotdhaber, ‘ Nature,’ vol. 135, p. 65 (1935); * Proc. Camb. Phil. 
Soc.,’ vol. 31. p. 612 (1935) ; Taylor and Goldhabcr, ‘ Nature,’ vol. 135, p. 341 (1936) ; 
see also Taylor, ‘Proc. Phys. Soc.,’ vol. 47, p. 873 (1935); Taylor and Dabholkar, 
ibid., vol. 48, p. 285 (1936); Kurtchatow, Kurtchatow, and Latyshew, * C.R. Acad. 
Set. Paris,’ vol. 200, p. 1199 (1935). 

II Amaldi, D’Agostino, Fermi, Pontecorvo, Rasetti, and Segr6, ‘ Proc. Roy. Soc.,* 
A. vol. 149, p. 522 (1935). 
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found that under the impact of slow neutrons lithium and boron produce 
helium, the latter according to the reaction : 

-* ,«Hc + ,’Li. (1) 

We decided to try boron because this element can be obtained in the 
form of volatile liquid esters from which it is easy to drive out the helium ; 
the presence of hydrogen atoms in the esters is an additional advantage, 
since it is essential to slow down the neutrons before they collide with the 
boron atoms. The methyl ester of boric acid which we used, B (OCH,),, 
contains nine hydrogen atoms for every boron atom; these hydrogen 
atoms, as well as the oxygen and carbon atoms, have, compared with 
boron, a negligible absorbing power for slow neutrons.* 1 cc. of ester, 
dio = 0-915, contains 0-095 gm boron and 0-080 gm. hydrogen. 

Apparatus and Experimental Procedure 

To avoid contamination by helium from glass, the ester was in contact 
exclusively with metal during the whole irradiation, which had to be 
continued for months. It was contained in a spherical copper flask 
(A in flg. 2) with a gun-metal stopcock. The radius of the flask in its 
final form was 10 cm. ; the neutron sources could be placed at the centre 
of the flask by means of a cylindrical pocket of 1 -2 cm. radius. The flask 
was inserted in a cylindrical water tank of 40 cm. diameter. As neutron 
sources we used mainly glass tubes filled with finely powdered beryllium 
and radon, supplied to us from time io time from three different sources: 
St. Bartholomew’s and the Middlesex Hospitals in London, and the 
Institute for Radium Research in Vienna. 

Before the experiment starts the boron ester has to be freed from 
atmospheric air and the Ne and He contained therein. This is achieved 
by opening the stopcock a of the copper flask and the glass stopcocks b, c 
d, and / to the high-vacuum pump and keeping the ester boiling for about 
IS minutes; the distillate is collected in the traps B and B' which are 
cooled by liquid air. The same operation is then performed as described 
below for the collection of helium from the ester ; in this blank test the 
quantity of neon + helium observed in the capillary on top of the bulb L 
and measured by the manometric device N must not exceed 10~* cc. We 
found that with methyl borate this point can be reached fairly quickly, 
and, further, that a second test, carried out weeks or months later, gives 

• Fermi and co-workers, toe. dt . : Bjerge and Westoott, ‘ Proc. Roy. Soc.,’ A, vol. 
150, p. 709 (1935). 
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same result : no release of any detectable amount of helium from the 
walls of the copper vessel takes place. The interval between the two 
tests was in one experiment 9 weeks. 

The actual experiment, the bombardment of the ester with neutrons, 
was carried out four times. In the first three experiments we used a 
somewhat smaller copper flask (radius 7*5 cm.) with a larger pocket 
(1 -S cm.). The rest of the apparatus was in all cases identical, but the 
neutron sources were of very different strength. In addition to the radon- 
beryllium tubes mentioned above, we employed also a radium-beryllium, 
and a radiothorium-beryllium, source which happened to be at our 
disposal. The efficiency of the various preparations, as neutron sources, 
was determined by comparing the intensity, measured by a Geiger- 
MUller counter, of the artificial radioactivity they produced in silver and 
in rhodium. We found no appreciable variation in the neutron efficiency 
of the numerous radon tubes, although the fineness of the powder and 
the free space left was slightly different. Our radium-beryllium mixture 
had only 0-75 of the neutron efficiency of a radon-beryllium tube of equal 
Y-ray intensity; our radiothorium-beryllium mixture, on the other hand, 
being prepared from a radiothorium source of high emanating power, 
was 1-8 times as efficient a neutron source as a y-equivalent radon- 
beryllium tube. As neither radium nor radiothorium decays appreciably 
during the time of one experiment, the intensity of their radiation, taking 
for radiothorium the mean value, can be considered as constant. As to 
the radon, since its period of average life is S ■ 52 days, the total radiation 
emitted from 1 millicurie (me.) radon, during its complete decay, is 
equivalent to a constant radiation of 5-52 me. days or 4 -77 x 10® me. 
seconds. 

The quantities of radon which were allowed to decay in our four 
experiments, and the strengths of the constant sources, together with the 
duration of their application, are given in Table 1. 

After the irradiation by neutrons, the analysis of the methyl borate for 
helium was carried out, the procedure being the same in all four experi- 
ments. It was based on previous work on the detection and measurement 
oftsmall quantities of helium (^ee especially I and VIII), but could be some- 
what simplified since little hydrogen had to be removed. It was unnec^- 
sary, therefore, to use the calcium furnace or the palladium capillary, the 
palladium furnace being sufficient. As the new model of this furnace, 
which has been in use in our laboratory for some time, has so far not been 
described in detail it is shown in a special diagram, fig. 1. For delicate 
helium analyses, where the complete removal of hydrogen is essential, 
it can be strongly recommended. The innermost part A, made of soda 
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glass and sealed to the rest of the analysing apparatus, contains at the 
bottom about 0-2 gm. of palladium sponge. It is inserted in a jacket B 
so that it can be heated while the latter is cooled by water. B, made of 
Jena glass, carries inside a cylinder supporting a flat “ Nichrome ” wire 
by means of which the heating of the palladium to a dull red heat can be 
effected with an energy of SO watt; B is evacuated through a side tube c. 
As can be seen from the drawing, part A contains an inner glass tube a, 
reaching almost to the bottom, and a second inlet b ; this makes it possible 
to let the hydrogen-oxygen mixture pass over the hot palladium as many 


Table I 

Experiment 



Radon-beryllium sources— 

Me. decayed 57 446 1975 1858 

Equivalent to 10* me. sec 0 27 2 13 9-42 8 86 

Radium-beryllium source — 

y-equivalcnt to me radon — — — 50-9 

Neutron-equivalent to me. radon . - - — 38 

Time of irradiation in days — — — 26-7 

Effect equivalent to i0‘ me. sec. radon — — — 0 88 

Radio-thorium beryllium source— 

y-equivalent to me. radon 18 

Neutron-equivalent to me. radon . 32-4 

Time of irradiation in days 14 5 

Effect equivalent to 1 0* me. sec. radon 0 -41 

Total activity applied — 

In me. radon decayed 140 446 2300 2040 

In 10* me. sec. radon 0-68 2-13 10 98 9-74 

times as seems desirable {see description below), thus ensuring complete 
combustion. 

In order to drive out the helium formed in the methyl borate, the latter 
is kept boiling Just as was done initially for the removal of air {see p. 413) ; 
but this time the outlet of the traps B and B' (hg. 2) is closed to the pump 
and opened through stopcocks k, I, and « to the three tubes E, F, J (eafch 
containing 12 gm. charcoal), to the palladium furnace G, and to the bulb 
L (volume 600 cc.). As B and B' are cooled by liquid air the gas fillmg 
the space just described consists, apart from the traces of helium, almost 
exclusively of hydrogen and methane which have been evolved as a conse- 
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quence of the irradiation of the boron ester by Y*rays and neutrons.* 
For the elimination of hydrogen and, at the same time, the transport of 
all the helium contained between c and / into the analysing apparatus, a 
surplus of oxygen is admitted through stopcock h. This oxygen has 



Fio. I (half natural size). 

* Very little is known so far about the chemical influence of neutron bombardment ; 
aoowdingto Hopwoodand Riiilips (‘ Nature,’ vol. 136, p. 1026 (1935) ), the chemical 
effects of the neutrons of a radon-be^llium source am of the same order of magnitude 
as those due to its r«ays. 
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been electrolytically prepared,* freed from hydrogen and a possible con- 
tamination of helium and neon by condensation in charcoal C, and 
afterwards stored in bulb D. It is first admitted into B' and B, and then, 
by opening k for short intervals, adsorbed in E which is cooled by liquid 
oxygen, so acting as a carrier for the helium (see 11, p, 173). After 
repeating this process six times all the helium should be present in the 
apparatus behind k. To ensure that no helium is retained by' the com- 
paratively large quantity of ester condensed in B, we made it simmer by 
surrounding B with hot water, B' remaining in liquid air; during this 
operation tap d is closed and oxygen of about 10 cm. Hg pressure present. 

From now onwards k remains closed. To separate the helium con- 
tained in E from the bulk of the oxygen the temperature of E is slightly 
raised by removing the liquid oxygen bath for about 1 minute, while / is 
closed; by repeatedly opening I for short intervals all this helium is 
carried beyond /. In the last and most important experiment 4 we made 
sure that no helium was left in A, B, B', and E by repeating the whole 
process onwards from boiling the methyl borate ; no measurable amount of 
helium was recovered. 

The oxygen released into the analysing apparatus should have a pressure 
of not more than about 12 cm. and is now used for the combustion of the 
hydrogen. The palladium in furnace G is heated and the mixture of 
gases, the major part of which is contained in the large volume L, passed 
over the palladium by cooling charcoal F in liquid air and thereby adsorb- 
ing the oxygen. Subsequent heating of F by means of hot water causes 
the oxygen to expand again and so to return through the palladium furnace 
to bulb L. Ei^t repetitions of this operation of alternate cooling and 
heating are always suflficient to burn all the hydrogen present to water. 
This water and the surplus of oxygen is removed by cooling first charcoal 
F and finally J for about 30 minutes each. 

At the end of this cooling all gases with the exception of helium should 
have been removed. In order to test this, mercury is now raised into L, 
and the gas compressed into the capillary on the top of it and spectro- 
scopically examined. If there has b^n any leakage of air into the vessel 
A during the weeks of irradiation, or into the glass parts of the apparatus 
during the separation of the helium, this contamination reveals itself 
immediately by the presence of neon lines in the helium spectrum. This 
is a very valuable check (see I and II) and it is, therefore, essential to use 
as cooling agent liquid oxygen and not liquid nitrogen or liquid air, for 
charcoal cooled to the temperature of liquid nitrogen retains a very 
considerable part of the neon. As has been shown previously, less than 
* See I. fig. 3, p. 36S. 



Artificially Produced Helium 419 

0*01% of neon in helium is spectroscopically easily visible, and a com- 
parison of the relative strength of the lines permits of a fairly accurate 
estimate of the percentage of neon in the helium {see XI). While in the 
first three of our experiments the neon present amounted to about 20% of 
the helium, in the last experiment we succeeded in keeping the boron 
ester air-free to such an extent that, according to spectroscopic examina- 
tion, the neon was certainly less than 10% of the helium. 

The measurement of a minimum of 10"^ cc. of helium can be carried 
out by means of a Pirani gauge {see Vlll). For this purpose the mercury 
in bulb L is lowered below the tube leading to M ; then with the help of 
stopcock y the mercury in M is withdrawn till the gas gains access to one 
side of the Pirani gauge N. For the calibration of the latter known 
quantities of helium from bulb He (volume measured in the capillary 
s-sS pressure in the McLeod gauge S) are distributed through exactly the 
same volumes, P, N, M and upper part of L. (The cooled charcoals R 
and P arc applied m order to remove all other gases, especially tap grease, 
and to make sure that only helium and neon are measured in the Pirani 
gauge.) 

A certain quantity of the helium has, of course, not been included in 
the bulb L when the mercury was raised, but has remained in the palladium 
furnace G, the charcoals, and the connecting glass tubes up to stopcock /, 
according to the respective volumes and temperatures. The necessary 
correction for this part of the helium is found by introducing into the 
whole apparatus from L to / a known quantity of helium (measured by 
means of the capillary o-o^ and the McLeod gauge S) and treating this in 
exactly the same way. The helium measured in the Pirani gauge has to 
be multiplied by the factor so determined; in our case this was 1 -33. 

A few other details in fig. 2 are self-explanatory, or their purpose can 
be found from our previous publications. 


Results* 

In experiment 1 the quantity of helium was sufficient only for a qualita- 
tive identification but not for a measurement in the Pirani gauge. From 
the lines visible in the spectroscope 5875*63, 5015*68, 4921*93, and, 
faintly, 4471 *48 A., we could rou^y estimatet the amount of helium 
as of the order of 10~’ cc. The experiment is interesting as showing that 

* The results of the second and third experiment have already been briefly com- 
municated * Natiue,’ vol. 13d, p. 9S0, (193S). 

t See table on p. 371 in I; or ‘ Mikrocbfm.,’ vol. 7, p. 425 (1929). 
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a quantity of not more than 140 me. radon, mixed with beryllium, is 
sufficient for a production of detectable amounts of helium from boron ; 
but here we are near to the limit of sensitivity of our micro-method. 

In the second experiment, carried out with 446 me. radon, the helium 
quantity produced was still too small for an exact measurement, although 
in this experiment the helium line 4471 -48, hardly visible in the first 
experiment, was very distinct; this is in good agreement with the increase 
in the strength of the radon source. In experiments 3 and 4 two more 
lines, 6678 -15 and 4713 -15, could be easily seen, and here the Pirani 
gauge could be applied. We found in experiment 3, making allowance for 
the 20% neon present (see formula in XI), 1 -4 ± 0-2 x 10~^ cc. helium, 
and in experiment 4, where the quantity of neon was negligible, 2-4 ± 
0-2 X 10-^ cc. helium (N.T.P.). 

Although the activity in experimeht 3 exceeded that applied in experi- 
ment 4 by almost 13%, the helium found was only about 0-6 as much. 
The reason for the greater yield in the last experiment is no doubt the 
increased volume of the copper vessel A filled with boron ester, and it is 
very likely that a further increase of the volume would result in a still 
hi^er value. It is hardly possible to calculate exactly the proportion of 
neutrons which is still not caught even in the bigger vessel. A fraction of 
the neutrons produced in the beryllium source is certainly not slowed 
down by the hydrogen of the boron ester, but only by the water of the 
tank outside; some of them, however, get back by diffusion from here 
into the vessel A and are finally caught by boron atoms. One has also to 
consider that during the experiments the vessel A was not completely 
filled with the liquid ester ; not only the dome on top but also a part of 
the spherical vessel was empty because, as described above, some of the 
ester had to be distilled into B in order to get it air-free; as, however, the 
surface of the boron ester was still 4 cm. above the centre of the sphere in 
experiment 4 (and 2 cm. in experiment 3), the influence of the incomplete 
filling on the final result can only be small and by a sli^tly changed 
arrangement in a repetition of the experiment this source of error could 
easUy be avoided. It will be more troublesome to make the vessel A 
large enough to ensure capture of practically all the neutrons produced 
in the radon-beryllium source, but if the experiment is deemed sufficiently 
important, it could no doubt be done. Am increase of the radius of A 
from 7-5 cm. to 10 cm., together with a reduction of the radius of the 
pocket and a rising of the level of the ester, enabled us to catch 1 -9 times as 
many neutrons inexperiment4 as in experiment 3 ; from this fact, as well as 
from theoretical considerations based on work on the diffusion of neutrons 
in water, it seems that another substantial increase might be aq>ected if 
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all neutrons could be used up by reaction (1) inside a still larger copper 
vessel. 

Although, therefore, the helium found is only a minimum value it is 
quite interesting to make use of this figure for a calculation of the minimum 
number of neutrons generated in the beryllium source. In experiment 
4, 9-74 X 10® me. sec. radon produced 2-4 x 10“^ cc., or 6-5 x 10“ 
atoms of helium; according to equation (1) the same number of neutrons 
has been used up, from which it follows that 1 me. sec. of a radon beryl- 
lium source emits at least 6-7 x 10® neutrons. This figure is con- 
siderably higher than the value 1 x 10* deduced from early experiments.* 
More recent observations in a Wilson chamber made 10* neutrons per 
me. sec. seem a likely value.f Our figure is obtained by a quite different 
and very direct way ; being a minimum value, it is consistent with this 
result. It may be pointed out that in experiment 4, on which our figure is 
based, only 10% of the activity was provided by a radium beryllium source, 
so that any uncertainty in determining the neutron equivalent of such a 
source to radon beryllium is of very little influence. 

From a minimum neutron efficiency of 6-7 x 10® neutrons per me. 
sec. it follows that one a-particle from a (Rd + RaA + RaC') source by 
its impact on beryllium produces at least 6 x 10~® neutrons, i.e., more 
than one neutron per 17,000 a-particles; but as the three «-particles 
have very different energies, not much physical significance can be 
attached to such an average value. 

As to the origin of the helium, the objection could be made that possibly 
the Y*rays and not the neutrons were the efficient agent. Chadwick and 
Goldhaber,t however, were able to detect nuclear disintegration as a 
product of Y-radiation only in deuterium and in beryllium and not 
in any of the elements contained in the vessel A (boron, carbon, oxygen, 
copper). And in a control experiment in which 193 me. radon, without 
b^llium, decayed in the centre of vessel A, we did not find any helium 
in the boron ester. 

In the present experiments an artificially produced element has been 
spectroscopically identified and quantitatively measured for the first 
time. The reaction by which the helium is formed has already been 
known from physical experiments; but it is not without interest that the 

* Ellis and Hendmon, ‘ Nature,’ vol. 133, p. S30 (1934); see also Fermi, Amaldi, 
D’Agostino, Rasetti, and Segri, ‘ Proc. Roy. Soc.,’ A, vol. 146, p. 483 (1934). 

t Jaeckel, ‘ Z. phys. Chem.,’ vol. 91, p. 493 (1934). The result can hardly claim 
to give more than the order of magnitude as three quantities entering the calculation 
are given only with one significant figure. 

t Chadwick and Goldhaber, ‘ Proc. Roy. Soc.,’ A, vol. 151, p. 479 (1935). 
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methods of chemistry are sensitive enough to detect the products of 
artificial transmutation and to permit an entirely independent quantitative 
study.* It may be that there are atomic processes going on with so 
little energy that radio-physical or radio-chemical methods cannot be 
applied at all, yet where a chemical procedure, similar to the one described, 
may be able to discover the newly formed elements. Experiments on 
these lines are in progress. 

The senior author wishes to express his thanks to the Imperial College 
for laboratory facilities ; to Imperial Chemical Industries, Ltd., for their 
assistance ; to Professor F. L. Hopwood, director of the Radium Depart- 
ment, St. Bartholomew’s Hospital, London, Professor S. Russ, director 
of the Radium Department, Middlesex Hospital, London, and Professor 
Stefan Meyer, director of the Institute for Radium Research in Vienna, for 
kindly supplying the radon-beryllium tubes. 

Summary 

By a micro-method it was possible to collect, in a pure state, the helium 
produced by neutron bombardment from boron according to the follow- 
ing reaction : 

a><>B + *«He -I- 3'Li. 

The neutrons from a radioactive source equivalent to the decay of only 
140 me. radon gave sufficient helium for a spectroscopic identification. 
With stronger radioactive sources, of the order of 2 curie radon, enough 
helium was obtained for its quantitative determination; the neutrons 
from 2-04 curie radon, mixed with beryllium, produced during its decay 
2*4 X 10“^ cc. helium. From this figure it can be deduced that 1 me. 
sec. of a radon beryllium source emits at least 6-7 x 10* neutrons. 

* See also ' Nature,’ vol. 137, p. 560 (1936). 
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Hydrogen Overvoltage and the Reversible Hydrogen 
Electrode 

By J, A. V. Butler, D.Sc., University of Edinburgh 
{Communicated by J. Kendall, F.R.S. — Received 3 June, 1936) 

There are two fairly sharply contrasted methods by which hydrogen is 
liberated in electrolysis. At high overvoltage electrodes Tafel* found 
that the current and electrode potential were related by / — a 

relation more recently confirmed by Bowden.f These electrodes are not 
reversible and there is no evidence that the process H, -> 2H+ + 2e can 
occur to any appreciable extent at potentials accessible to observation. 
Even at ordinary bright platinum, which has a fairly low overvoltage, 
Armstrong and Butler} found that the ionization of hydrogen occurred 
to only a slight extent in the region between the reversible hydrogen 
potential and the potential at which oxygen begins to be formed. On 
the other hand, reversible hydrogen potentials have long been known at 
platinized platinum and similar electrodes, and it has been found that 
bright platinum and similar metals can be “ activated ” in various ways,§ 
whereby it is brought into a condition in which the reversible hydrogen 
potential can be realized. In this state the hydrogen overvoltage is low 
and at small displacements from the reversible value the potential varies 
linearly with the current, i.e., V — V® — ki. This relation can be 

accounted for|| on the assumption that there are two processes at the 

reversible electrode which are influenced exponentially by the potential, 
but in opposite directions. 

The theories of overvoltage which have been put forward have been 
concerned mainly with the behaviour of high overvoltage electrodes. In 
Gurney’s theoryf the potential determining process was the transfer of 
electrons from the metal to the hydrogen ions in the solution. As 

• ‘ Z. phys. Cbem.,’ vol. 50. p 641 (1905) 

t ‘ Proc. Roy. Soc.,’ A, vol. 125, p. 446 (1929); vol. 125, p. 107 (1929). 

} ‘ Proc. Roy. Soc.,’ A, vol. 137, p. 604 (1932). 

S Butler and Armstrong. ‘ J. Chem. Soc.,' p. 743 (1934); Volmer and Wick, ‘ Z 
phys. Chem.,’ A, vol. 172, p. 429 (1935). 

II Erdy GrOsz and Volmer, ‘ Z. phys. Chem.,' A, vol. 150, p. 203 (1930); Butler, 
‘ Trans. Faraday Soc.,’ vol. 28, p. 379 (1932); Hammett, ibid., vol. 29, p. 770 (1933); 
Hoekstra, ‘ Z. phys. Chem.,’ A, vol. 166. p. 77 (1933). 

1 * Proc. Roy. Soc.,’ A, vol. 134, p. 137 (1931). 
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Gumey pointed out,* this process is essentially irreversible, for the reverse 
transfer of electrons from either free hydrogen atoms or molecules cannot 
occur to an appreciable extent in the same potential region. Horiuti and 
Polanyit have suggested an alternative mechanism in which the primary 
process is the tran^erence of hydrogen ions to adsorption positions at the 
surface of the metal, in the course of which neutralization occurs. This 
process may under some circumstances be reversible, but on the assump- 
tions made has a high activation energy of 20-30 k.cals. 

The object of this paper is to suggest a scheme which contains features 
of both these theories and includes as possible cases reversible and 
irreversible electrodes. It is shown that when the adsorption energy of 
hydrogen atoms on the metal is appreciable, these can be deposited at 
a lower potential than is required for the liberation of free hydrogen. 
But hydrogen cannot be continuously liberated in this way unless the 
rate of desorption as hydrogen molecules is greater than the current. 

Formation of Free Atomic Hydrogen 

According to Gumey, the condition for the neutralization of hydrogen 
ions near the electrode is approximately stated as ^ + sV < N, where 
^ is the thermionic work function of the metal, V the potential difference 
between the metal and the ions, and N the neutrali^tion potential of 
hydrogen ions. The latter is N = </ — L — R, where J is the ioniza- 
tion potential of gaseous atomic hydrogen, L the hydration energy of 
protons, and R the repulsive potential between hydrogen atoms and the 
water molecule. L and R are to be evaluated for the state of the hydrogen 
ion in which neutralization occurs. Writing this condition as 

^ + «V + R<^-L, 

it can be represented graphically as in fig. 1. The curve AA represents 
c/ — L plotted as a function of the distance of the proton from the 
centre of the water molecule, and the curve BB is that of the corresponding 
values of ^ + eV + R. The condition is satisfied for points lying to 
the left of the point of intersection X of the two curves, and if E' is the 
energy of the point of intersection, E' — Eq is the activation energy 
required for the process. This representation is, however, only approxi- 
mate, because it is based on the assumption that the electron levels of the 
metal are completely filled for values > ^ and completely unoccupied 

• ‘ Tram. Faraday Soc.,’ vol. 28, p. 447 (1932). 
t ‘ Acta Phyaicodiim.,* U.R.S.S., vol. 2, p. 505 (1935). 
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for values < Gumey took into account the fact that there is a range 
of energies in which the levels are partly filled and partly unfilled. There 
will then be occupied levels of the metal with values < 4> and therefore 
an appreciable probability of the neutralization of ions to the right of X. 
In fact, since the number of ions in levels above X diminishes rapidly, the 
greater part of the current is employed in the neutralization of ions with 
energies below X. Nevertheless, it can be shown that the activation 



Fig. 1— Disdiarge of proton in AA, curve of e/ — L; BB, curve of 

E, + »V + R. 

energy A, as measured by (dlog//<fT)v = A/RT*, is approximately equal 
to E' - Eo. 

Let BB be the curve of ^ + eV + R for ^ = Ei, where Ei is the energy 
of the electronic level in the metal, which is half occupied by electrons, 
and let B'B' be the corresponding curve for the electronic level E^ — AEi. 
The probability of finding an electron in the level Ej — AE^ is given by 
jjjg curve B'B' intersects AA at D, and an electron in the level 
El — AEi is therefore able to neutralize an ion in the ionic level E which 
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passes through D. The probability of an ion having this energy is 
^K,-E/*T) Qf neutrali/ation is thus an expression of the form 

/ ^ J g-AK,/iT const . dE. 

But we see from the diagram that 

AEi =- CD = y(E' - E), 

where to the first approximation y is a constant. 

Hence 

i ~ [ . const . dE, 

Je, 

so that 

log i- const. + (Eo-E')/fcT (I) 

and 

d(logi)l<n = (,E'~Eo)lkT'. (2) 

The Tafel-Bowden relation also follows easily from this construction, if 
Y be taken as 2, for 

- </(log 0/rfV = (dE'ld\)lkT = e/Y*T. (3) 

The curves of fig. 1 were constructed from the following data. The 
total hydration energy of the proton is about 270 kcals.,* but this 
includes the energy of hydration of the ion H,0+, which may reasonably 
be taken as about 90 k.cals., leaving Lo — 180 k.cals. for the interaction 
of H,0 and H+, The curve of L is constructed by means of the Morse 
equation L = Lo — 2e~*"’-'*>), where the value of a correspond- 

ing to the fundamental frequency w, = 3660 cm.“^ is a ~ 1 -735 x 10* 
cm. ^ The distance of the protons from the centre of the water mole- 
cule is 0-97 A., but a somewhat greater value may be expected in HsO+, 
so we take Tq — 1-1 A.f is 13-5 c-volts or 313 k.cals. 

A suitable value of the repulsive potential R(H|0 — H) is more 
difficult to estimate. Bleick and Mayert have calculated the repulsive 
potential between two neon atoms, and have obtained values which are 
in reasonable agreement with the expression logio R (r) = 8-43 — 2 077 
X 10* r, while Slater’s values§ for the repulsive potential of two helium 
atoms are represented by logioR(r) == 7-05 — 1 -99 x 10* r. Judging 

* Bernal and Fowler, * J. Chem. Phys.,’ vol. I, p. 315 (1933). 
t Bernal and Fowler, ioc. clt. 
t/W</.,vo).2,p.252(1934). 
il ‘ Phys. Rev.,' vol. 32, p. 349 (1928). 
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by the values of the repulsive potential of H — He, calculated by Gentile,* 
the repulsive curve of H — Ne will be somewhat flatter than that of 
Ne — Ne. Its position can be estimated from the rulef that for a given 
value of R (/■) the values of r are approximately additive for the two atoms 
concerned. On these grounds the expression logm R (r) = 6-96 — \6r 
was chosen as a reasonable estimate of the H — Ne curve and the H — H,0 
may be expected to be similar. The position of this curve with reference 
to the calculated repulsions of the other cases is shown in fig. 2. 



Distance between nuclei (A°.) 

Fio. 2— Repulsive potentials of Ne — Ne, He — He, and H — He. , curve 

assumed for H — H,0. 

Using these curves and taking the zero point energy of the proton in 
H,0+ as 5 k.cals., the following values of A = E' — are obtained : 


El + eV 3 4 5 6 c-volts 

A 8 16 27 38 kilocals. 


Now Bowden^ found that at the potential V = — 1 -0 volts against 
saturated calomel, the value of A obtained from the </log //tTT curve of a 
mercury electrode was 0-43 e-volts or 9-9 k.cals. This corresponds to 
the value El + tV = 3 -2 volts, or taking the absolute value of V as —0-47 
volts, to El = 3-7 e-volts. The photoelectric threshold of mercury 
corresponds to a thermionic work function of 4-5 c-volts, which is in 
reasonable agreement with this figure. It may therefore be concluded 

• ‘ Z. Physik,’ vol. 63, p. 795 (1930). 
t C/ Bom and Mayer, ‘ Z. Physik,’ vol. 75, p. 1 (1932). 
t ‘ Proc. Roy. Soc.,’ A, vol. 126, p. 107 (1930). 
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that Gurney’s mechanism gives a reasonable quantitative agreement 
with the observations at a high overvoltage metal. 


Formation of Adsorbed Hydrogen Atoms 
We shall now consider the case in which the hydrogen atoms may be 
adsorbed on the metal surface. The energy of a hydrogen atom in the 



Fig. 3 — Formation of adsorbed hydrogen. AA, curve of ^ -~h\ BB, curve of 
El + cV + R; eXT, curve of A; C'C, curve of E, + eV + R — A. 

region between the metal surface and the adjacent water molecules must 
be obtained by combining its energy of adsorption on the surface of the 
metal A with the repulsive energy R between it and the water molecule. 
In hg. 3 CC is the curve of A, plotted against the distance of the hydrogen 
from the surface of the mebd, displaced upwards a distance + cV. 
The curve C'C', obtained by adding the values of R represented by BB, 
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thus represents Ei + eV — A + R. The curve AA, as in fig. 1, is that of 
«/ — L. The condition of neutralization is now ^ + «V — A + R 
< — L, and as before the energy of activation of the process is equal 

to the difference between the energy at the point of intersection X' of the 
two curves and the energy of the proton in its ground level. 

The activation energy for this process is thus smaller than that required 
for the formation of “ free " atomic hydrogen by the amount represented 
by the vertical distance between X' and X, or alternatively the potential 
difference may be increased (positively) by the same amount to keep the 
activation energy (and the rate of discharge) the same. It is easily shown 
that, assuming the potential curves to be straight lines in the neighbour- 
hood of the intersection, the difference of potential is 

e . AV A/(l - </R/i/L - i/A/dL), 

where A is the adsorption energy near the point of intersection. dK\dL 
is small compared with </R/dL and in a rough estimate may be neglected. 
In Gurney’s theory the experimental facts required that dKjdL == — 1, 
whence e . AV = A/2. With metals which are capable of adsorbing 
hydrogen in the atomic condition the energy of adsorption is of the same 
order as D/2, where D is the dissociation energy of the hydrogen mole- 
cule, i.e., A!= ca.2 e-volts and AV is of the order of I volt. It is clear 
that adsorbed hydrogen may be formed at a considerably less negative 
voltage than is required for the production of free hydrogen by Gurney’s 
mechanism. 


Conditions of Reversibilitv 

The process considered in the last section can also take place in the 
opposite direction, and the reversible hydrogen potential is that at which 
the transfers occur at the same rate in both directions. Ignoring the 
influence of the amount of adsorbed hydrogen present, this will happen 
when the potential diflerence is such that the energy of activation is the 
same from either side. At a practical reversible electrode it should be 
possible to pass appreciable currents through the electrode without 
appreciably displacing the equilibnura potential difference. For this 
purpose the rates of transfer in either direction must be comparatively 
large compared with the current used, and the activation energy corre- 
spondingly small. 

In order to see under what circumstances this condition is satisfied, 
the activation energies have been estimated for nickel, for which the 
data required are available. In constructing the curve of A (Ni — H) 
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the heat of evaporation of hydrogen atoms from the surface was taken as 
60 k.cals. and the equilibrium distance of the hydrogen atoms from the 
nickel nuclei as 1 -56 A., and the curve is determined by Morse’s equation, 
taking o — 1-39 x 10" cm. 

In combining the curves of A and R it is also necessary to know the 
distance between the centres of the metal atoms and the adjacent water 
molecules. The radius of the nickel atom may be taken as 1-25 A., and 
that of the water molecule as 1-38 A., giving the shortest distance of 
approach of the two as 2-63 A. The distance of the protons from the 
centre of the H 3 O * ion has been taken as 1 ■ I A. If it be supposed that 
the electron surface of the metal coincides with the radius given above, 
the thickness of the electrolytic double layer, i.e., the distance between 
the nearest protons of H 3 O+ and the surface of the metal, is about 0-3 A. 
This is considerably smaller than Bowden and Rideal's original estimatef 
of the double layer thickness from the capacity of mercury electrodes 
(viz., 1 -5 A.). But Frumkin and Proskurnin.t taking stringent pre- 
cautions to prevent the contamination of the electrodes by paraffins, 
obtained a value of the capacity three times as great, which corresponds 
to a double layer thickness of 0*5 A., which is reasonably concordant 
with these dimensions. 

Table I— Activation Energies of Reversible Transfer from Ionic 
State to Adsorption Positions 
Distance £' — £« (k.cals.) 

between — ^ — ^ 

NiandH,0+ 10 11 1-2 13 

A. 

2-46 7 0 — — 

2-56 13 5 _ _ 

2-66 18 10 3 — 

2-76 23 15 7 0 

2-86 27 19 11 4 

Table I shows the values of the activation energy required for the 
reversible transfer, determined graphically, as in fig. 3, by adjusting the 
potential difference until the minima of the curves for the ionic and 
adsorbed states arc at the same level. The values given arc for various 
Ni — H|0 distances, and assuming the equilibrium distances of the 
proton from the centre of the water molecule in H 3 O+ to be 10, I I, 

1 -3 A. respectively. 

* Sherman, Sun, and £yring, * J. Chon. Phys.,’ vol. 3, p. 49 (1935). 
t ‘ Proc. Roy. See.,’ A, vol. 120, p. 59 (1928). 
t ‘ Trans. Faraday Soc.,’ vol. 31, p. 110 (1935). 
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It can be seen that the mechanism described leads in favourable cases 
to small values of the activation energy of the reversible transfer. The 
most probable configuration, viz., total distance 2-63 A., and proton 
distance 1*1 A., has an activation energy of about 8 k.cals. According 
to the measurements of Bowden cited above, the transfer rate from the 
ionic side is 10 ® amps. /cm.* when the activation energy is 10 k.cals. 
This is independent of the nature of the metal and it follows from (1) 
that with E' — Ee 8 k.cals. the rate of transfer is about 2*5 x 10 * 
amps. At such an electrode the passage of currents of the order of 
10“® amps./cm.* would not greatly disturb the equilibrium potential. 


The Desorption of Hydrogen 

At the reversible hydrogen electrode it is also necessary that the 
adsorbed hydrogen shall be in reversible equilibrium with the atmosphere 
of gaseous hydrogen. We shall consider the equilibrium of the adsorbed 
hydrogen with the hydrogen atmosphere on the one hand and the ions 
of the solution on the other: 


A'ld - .v)*pn. Ar'oX* 

H, ^ - [H] ^ — zr-rHaO+. 

AiX, fco (1 ~ ■’f)* 


Let X be the fraction of the adsorption positions at the surface which is 
occupied by hydrogen. The rate of desorption of hydrogen may be 
written as and the rate of adsorption (which is proportional to the 
probability of finding two adjacent adsorption places vacant) is 
it'i (1 ~ x)*/>H,* The equilibrium is thus defined by AtiX* = A:'i (1 — x)*/?h*. * 
When hydrogen is being liberated at the electrode, this equilibrium is 
disturbed and the rate of formation of hydrogen (i) is 


i = Ar,x» - k\ (1 - x)*pa.. (4) 

It is evident from this that (1) if ki is large compared with / the displace- 
ment of the adsorption equilibrium caused by the current is small; (2) 
the rate at which hydrogen is produced in this way cannot exceed the 
value ki. 

Consider now the equilibrium between the adsorbed hydrogen and the 
ions of the solution. Let the rate of transfer of protons at the equilibrium 
potential difference Vg to a completely unoccupied surface (x = 0) be 

* There are other possible equations for the adsorptive equilibrium of hydrogen 
(</. Roberts, ' Proc. Camb. Phil. Soc.,' vo 1.32, p. 1S2 (1936)), but the argument of 
this section is not thereby affected. 
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^u> and the rate of transfer in the opposite direction from a completely 
occupied surface (x — 1) be k'^ llie condition of equilibrium at the 
potential Vo is A:o(l — x) = k'^pc. When the potential is displaced by 
the amount AV from Vq, these rates become A:o(l — x)e— and 
Ar'oX e* ^v/y*T^ current is 


/ = ito (1 - ^) e-* - k'^ e- (5) 

and X is determined by (4). The following conclusions can be drawn. 

(1) When / is small compared with ki, the adsorption equilibrium is 
not appreciably disturbed by the current, and writing I’o = Atq (1 — x) for 
the rate of the reversible transfer at Vo, we have approximately for small 
values of AV, 

i7io - 2e . AV/y*T, (6) 

i.e., for small displacements of the potential difference, the latter varies 
linearly with the current. This has been found to be the case for reversible 
electrodes. 

(2) As i approaches k^, (1 — x) approaches zero, and therefore — AV 
will increase more rapidly than in case (I). 

(3) When i > ki, this mechanism is no longer capable of accounting 
for the whole of the current, and the potential of the electrode must rise 
until some other discharge process b^omes possible, e.g., by Gurney’s 
mechanism. 

The behaviour of an electrode is thus determined by the magnitude of 
Atj. If this is large, hydrogen may be liberated at a correspondingly large 
rate by the reversible mechanism and at a low overvoltage. If it is small, 
the li^ration of hydrogen at an aj^reciable rate by this process cannot 
take place and the higher overvoltage of the alternative mechanism is 
exhibited. This is presumably the case with the high overvoltage metals. 

The value of ki is determined by the activation energy of the desorption 
process. Sherman and Eyring* calculated the activation energy for the 
adsorption of H| on carbon as a function of the spacing of the carbon 
atoms and found that it was a minimum for a certain spacing (3 *S A.), 
which’is considerably greater than the normal C-C distance. Although 
these calculations are not very reliable quantitatively, the conclusion that 
there is an optimum spacing for each metal is reasonable, and the difficulty 
of realizing the reversible hydrogen potential at most bright metallic 
surfaces may be attributed to unsuitable spacings. The ease with which 
the potential is established at platinum bl^k and similar materials may 


• • J. Amer. Chem. Soc.,’ vol. 54, p. 2661 (1932). 
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perhaps be due to the greater probability of finding a suitable spacing on 
the surface. 

In conclusion, it may be noted that although the formation of adsorbed 
oxygen can easily be demonstrated at anodes,* the fornuition of adsorbed 
hydrogen below the normal overvoltage has not been observed. Experi- 
ments on the establishment of the hydrogen overvoltage have, however, 
usually been made in an atmosphere of hydrogen, and after a preliminary 
cathodic polarization to remove traces of oxygen. Under these con- 
ditions the adsorbed hydrogen would be present at the start and no 
indication of its formation would be found. 

Summary 

In the discharge of hydrogen ions at metafile cathodes adsorbed hydro- 
gen may be formed at a lower potential than “ free ” hydrogen, liberated 
according to Gurney's mechanism. 

There is a potential difference at which the rates of transfer of hydrogen 
ions to adsorption positions and the reverse arc equal, and it is shown that 
in favourable cases the activation energy of the reversible transfer is 
sufficiently low to give rise to a practically reversible electrode. 

Hydrogen can, however, only be continuously evolved by this process 
with currents which are less than the rate of desorption of H* from a 
saturated surface, and with greater currents an alternative mechanism 
must come into action. It is suggested that at high overvoltage electrodes 
the rate of desorption is small, and hydrogen is formed by Gurney’s or 
some similar mechanism. 

• Armstrong, Hinuworth, and Butler, ‘ PToc. Roy. Soc.,’ A, vol. 143, p. 89 (1933) ; 
Butler and Drever, ‘ Trans. Faraday Soc..’ vol. 32, p. 427 (1936). 
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Integral Electromagnetic Theorems in General 
Relativity 

By J. L, Synge 

{Communicated by E. T. Whittaker, F.R.S. — Received 5 Jme, 1936) 
1— Introduction 

In classical physics Gauss's theorem, connecting normal flux of intensity 
with enclosed mass or charge, has one single form for gravitation and for 
electrostatics : it is, in fact, a direct consequence of the inverse square law. 
In the general theory of relativity gravitation and electriaty play very 
different parts, and one might expect a divergence between an extension 
of Gauss’s gravitational theorem to general relativity and an extension of 
his electrostatic theorem. Whittaker.f and Ruse.t have developed the 
gravitational extension, and Whittaker has indicated the electrical 
extension. It is the purpose of the present paper to complete the electrical 
extension. It is found that for an electromagnetic held in general relativity 
there exists a theorem which is expressed naturally in precisely the same 
form as the classical theorem of GausS, but which admits a more general 
interpretation. Other integral theorems are also obtained by systematic 
application of the three Green-Stokes theorems available in four-dimen- 
sional space-time. 

The fact that the fundamental form of space-time is not positive-definite 
does not affect certain results, such as (2.1) below. But when we seek 
physical interpretations, this fact must be taken into consideration, as 
the presence of the indicators in (3. 1 3), (3. 1 5), (3.28) shows. It is through 
careful attention to this detail that the results obtained differ from those 
given by Pauli.§ The utility of the classical formulae of Green and 
Stokes depends to a great extent on the fact that they are expressed in 
forms involving essentially positive elements of area and volume: it 
would seem that the value of their extensions to space-time depends 
similarly on the use of essentially positive elements of area, volume, and 
4-volume, with explicit attention to the indefinite character of the funda- 
mental form. 


t ‘ Proc. Roy. Soc.,’ A, vol. 149, p. 384 (1935). 
t ‘ Proc. Edin. Math. Soc.,’ vol. 4, p. 144 (1933). 

§ “ Relativititstheorie, ” ‘ Eix^k. d. math. Wiss.,’ vol. 5. part 19, p. 606 (1920). 
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2 — Grebn-Stokes Theorems in Space-time 
If in a space of N dimensions (not necessarily metrical) there exists 
an (M -t- l>dimensional region V^+i bounded by a closed V^, and if 
Vi^ is any continuous differentiable field of quantities with M suffixes, 

= f mdafi ‘an; (2.1) 

(M) J(M+1) 

the suffixes have the range 1, 2, N, with summation on account of 
repetition, x* are coordinates in V^, and 
— 2/cx', 

(/(O'l 'M = Sjj ... </(>,, 

rfw'l ‘M ,1 = Sjj jji; X^l . . ' S 

these S’s being the generali 2 ed Kronecker deltas. J The integral on the 
left of (2.1) is taken over V*, and that on the right over the enclosed 
portion of Vh+i. It is assumed that VM 4 t is an orientable space and 
Vm a two-sided surface in it. The M-cells in Vm have a unique, but 
arbitrary, orientation: when that is assigned, the (M -f- l)-cells in Vjihi 
have a unique orientation, namely, that obtained by adding to an M-cell 
of Vj, as a final edge d^u^l} an clement of the outward normal to Vj, 
in Vjfii. 

In the applications of this theorem to space-time we are to take N = 4. 
There are then three cases to be considered, namely, M — 1, M = 2, 
M = 3. These give the following statements: 

I V, 

J(i) J(*) 

[ Vf, da>ff = f 

Jw J(») 

do.*'* = d,„ X* d,„ X" d<3, X- ; 

f i>„*do)*'*-f 0,t;«,do)«*‘, 

J(S) J(4) 

do.*'* = 8«*,d,„x*d«,x«rf^„x-, 

dfi) X" d^*) X* </(*) X- d(4) X*. 
t This result will be found in slightly different notation in Schouten, “ Der Ricd- 
KalkiU, ” p. 97 (1924). It is perhaps most easily established by a variational method. 

J C/. Veblen, ” Invariants of Quadratic Difiitrential Forms, ” Cambridae (1927), 

p. 3. 


I (2.3) 
I (2.4) 
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We shall now convert these into alternative forms. We shall assume 
that in (2.4) is skew-symmetric and that in (2.S) is skew-symmetric 
in each pair of suffixes. In the statements made above no metrical pro- 
perties of the space concerned are involved, but we shall now assume that 
V4 is Riemannian with fundamental form 

<b = gt,dx*dx>. (2.6) 

The signature of this form will be taken to be 4- + -\ . The indicator 

c of a vector is chosen equal to ± 1 to make > 0. 

We shall write 

= (2.7) 

being the usual permutation symbol, and g the determinant of gu’. 
this is a covariant tensor, but only with respect to transformations having 
a positive Jacobian. Raising the subscripts in the usual way, we And the 
contravariant form 

( 2 . 8 ) 

/(‘d, t|{), /(S), /[i) be a held of tetrads of mutually orthogonal unit 
vectors with indicators e^, t„ e„ e^. (Since these carry one suffix and 
the permutation symbols four, there can be no confusion due to this 
notation.) From the signature of O we have 

ei*i*s«4 - - 1. (2.9) 

Since the t)’s are tensors only with respect to transformations with 
positive Jacobian, we shall restrict our attention to such transformations. 
The orientation of the parametric lines of x\ x*, x*, x* is then invariant, 
and we shall choose the tetrad of /-vectors with this same orientation. 
It will then be possible by allowed transformations to reduce the funda- 
mental form at an assigned point to 

«» = (dx»)« 4- (</x»)* + c, (dxY + C4 (dx«)«, (2.10) 

and at the same time to bring it about that all the contravariant com- 
ponents /^] vanish there except 

^(1) = ^f*)— /(8)=1. ^**)=1. (2.11) 

and all the covariant components /u,i vanish except 

f(i)i = ^1)1 = «i. /(8)8 = •8» hi)i — •4. 

We shall have also V— g = 1. 


( 2 . 12 ) 
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The following equations are tensor equations, and since (as is easily 
verified) they are true for the special system of coordinates just described, 
they are true in general for all allowed coordinate systems : 

f(l) t(*) = — /(S)t t(4^ *s ■4» I 

& ^1) t^) /(S) — — ■»)"** /(4y *4. j- (2.13) 

^mnpt Cu t(2) tfs) t*4) = “ ' 


We shall define conjugates to skew-s 3 anmetric tensors as follows: 





1 




[ (2.14) 

These give 

the covariant forms 





ivutt ' 



i>r = 


1 (2.15) 

Since 





Vm to'"’*” = 

- 2C, 

jjlltup 

[ (2.16) 

we obtain from (2.14) and (2.15) 




Vfj = 

- f ] 



— 

- >1«H 1 

[ (2.17) 

and 





p« = 

] 

[ (2.18) 


y/tl ^ 

- >)«“ yf . J 


We know (c/ Schouten, ioc, dt.) that it is permissible in (2,3), (2.4), 
(2.5) to replace the symbol S of partial differentiation by the symbol D, 
indicating covariant differentiation. We also note that the covariant 
derivative of or is zero. 

We shall now proceed to convert (2.3). Assigning a positive sense on 
the curve Vj, we shall choose our /-tetrad such that on V, /|]) and /fj) lie 
in V,, and on V, /{i, points along Vj in the positive sense. We choose 
/{*) so that on Vi it points along the outward normal to Vi in V,. We 
complete the tetrad with r(s), /( 4 ) so as to obtain the same orientation as 
that of the parametric lines of the coordinates. Then in (2.3) we may 
write 

on Wi’. da^x* = t*^^)ds, 
on V, : d^^, x*d(„x* = /{d if,) dS, 


(2.19) 
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where ds is the element of arc on V| and dS the element of area on V|, both 
positive quantities. Then (2.3) may be written 


f /*i) /(j) dS. 

J(i) J(*) 

But, by use of (2.13) it may also be written 


I t(i) ds ~ DfVf • ^(4,1 Cg 

or, again, if we first substitute v*t for Vt, and then use (2.18), 

[ t)*4 f(',) -- f D4 . /,3,* /,4„ eg €4 dS. 

. J(i) •>{*) 


( 2 . 20 ) 


( 2 . 21 ) 


( 2 . 22 ) 


Here we have three alternative forms for (2.3). It would appear that 
(2.21) is most closely analogous to the classical Stokes's theorem: we 
shall find it most useful in the electromagnetic interpretation. 

We shall now convert (2.4). We shall choose /!,„ /(*>, f(s) so that on 
Vj they he in Vg, and on Vt t‘(s, points along the outward normal to V, 
in Vg; {(*4) is then normal to Vg, with a sense chosen to give to the tetrad 
the orientation of the parametric lines of the coordinates. Then in 
(2.4) we may write, using (2.13), 

= 4 rf,) 4, dS tq"*' /o)* tiA)i '4 dS, I 

</<,)«* == r{i) t^i) t*9) </<T =• — 14 do, 1 


where dS is an element of area of V, and da an element of volume of Vg, 
both positive quantities. Then (2.4) may be written 


( Vn /a,t r,4„ CgCg dS=\ D4 . 7i«*‘ /,4„ C4 da. (2.24) 
J(*) .'(») 

If we now write v*fj instead of v^ on both sides, and then make use of 
(2.18), we obtain 


( ^8.^ ^4w '8*4 dS = -[ D, v*> • r,4,4 84 da. 

Jm Jni 


(2.25) 


The convenience of this form lies in the fact that it involves the minimum 
of trouble with respect to orientation. We have simply to remember 
that is the unit outward normal to V, in Vg. As for /{«), it is either 
unit normal vector to V„ since a reversal of its sign leaves (2.25) unaltered. 
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We now proceed to the conversion of (2.S). It will be seen that this 
leads to Green’s theorem, which I have examined in detail elsewhere by 
a different method.t We choose /(V normal to V 3 on V 3 , pointing out- 
ward; then on Vg r'l,. /‘a,, /la, he in V,; we choose the orientation which 
gives to the tetrad the orientation of the parametric lines of the co- 
ordinates. Then using (2.13), we may write in (2.5) 

= Siif, tit) r,", t’s) 64 I 

/(") tl) dT = - dx, ) 

where da is an element of volume of V 3 and </t an element of 4-volume of 
V«, both positive quantities. Then (2.5) may be written 

I Ti«« /, 4 „ 64 da = I D, . ■»)«*' dT. (2.27) 

(») J(4) 

If we now use (2.14), and then drop the star (since v** may be any vector), 
we have 

( v*t^^],t^da=[ D,t>'.dT. (2.28) 

_J<a)_ _ .ho I 

All we have to remember concerning orientation here is that ^[ 4 ) points 
along the outward normal to V 3 . 

3— Applications to Electromagnetism 

In the general theory of relativity the electromagnetic field is character- 
ized by the skew-symmetric tensor and the current 4-vector J‘. The 
conjugate tensor being defined by 

= (3.1) 

Maxwell’s equations read 

D, F« = J‘, (3.2) 

D,F*‘' = 0, (3.3) 

Dy being the symbol of covariant differentiation. (3.3) imply the existence 
of the potential 4-vcctor ^4 such that 

F«= 3,^4 - 04 ^ 4 - 04 ^ 4 . (3.4) 

The 4-force on a charge e moving on a world-line with unit tangent 
vector (or 4-velocity) X‘ is 

X' = eP%. (3.5) 

t ‘Trans. Roy. Soc. Can.,’ Sect. Ill, vol. 28, p. 168 (1934). 
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The equations of motion of a partide of proper energy W carrying a 
charge e are then 

A(WX0 = X‘. (3.6) 

8/85 indicating the absolute derivative.! 

These formulae naturally suggest that we should define the electric 
intensity associated with the unit vector X' to be 

E‘(X) = F«X,. (3.7) 

and similarly the magnetic intensity associated with the unit vector X‘ to 
be 

H‘(X) = F*«X,. (3.8) 

Obviously the vectors E' (X), H* (X) are perpendicular to X'. They are 
respectively the 4-forces exerted on unit electric charge and unit magnetic 
pole proceeding with 4-velocity X*. 

Consider now a space-like V„ and let X‘, p.* be orthogonal unit vectors 
normal to it, X< being time-like and p* space-like. Then, as judged by an 
observer moving along X‘, the element of V, is instantaneously at rest 
and p' is its instantaneous unit normal. The component of electric 
intensity normal to V, is then 

E (p, X) =. p, E‘ (X) - F« p, X, - F« X, p, = - E (X, p), (3.9> 
and the component of magnetic intensity normal to V, is 

H (p, X) = p,H' (X) = F*«p*X, - - F*« X,p, = - H (X, p). (3.10) 

Since the world-line of a particle must be time-like, this physical inter- 
pretation applies only to the case where V, is space-like. We may, how- 
ever, extend our definition to cover the case of a V, which cuts the null- 
cone by defining the components of electric intensity and magnetic in- 
tensities normal to (to which X*, p* are ordered mutually orthogonal 
normal unit vectors) to be respectively 

E(X,p) = -.(X).(p)F^X,p,. ) 

H(X,p)=-e(X).(p)F*«X,p,. ' 

These formulae agree formally with (3.9), (3.10), since in the case there 
considered « (X) = — 1, t (p) = 1. 

t By referring to proper energy (the more fundamental concept) instead of to proper 
mass, we avoid the appearance of a factor c* which is out of place in discussions in the 
general theory of relativity. 
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Let us now apply (2.21), putting Uf » Then 

= - Wii (312) 

and (2.21) may be written 

[ 4>^dx*= I F*« «,. 4rfS = f H (4. 3) dS. (3.13) 
J(l) J(2) J(2) 

We have in words the following result: 

Theorem I ; The line integral of the potential 4-vector taken round any 
closed circuit in space-time bounding a is equal to the flux of magnetic 
intensity across V,. 

With regard to signs, we are to remember that, in order, the positive 
tangent to the circuit, the outward normal to it in its two-space, and the 
vectors /|s,, /(4) are to form a tetrad having the orientation of the para- 
metric lines of the coordinates ; the flux is to be calculated in accordance 
with (3. 11) and (3.13). 

Let us now apply (2.25), putting first The equation then 

reads . 

F*‘'r„„r,4w«8*«</S = 0, (3.14) 

and we have the following result : 

Theorem II: The flux of magnetic intensity across any closed V» /« 
space-time is zero. 

Let us now put v** — F*^ in (2.25). We get 

f 1"*^ *3*« == f yt^^^t^da. (3.15) 

J(*) J(j) 

Let po be the proper density of charge, so that 

J‘=P,X*, (3.16) 

X' being the unit vector of 4-velocity of the charge. There being assigned 
a positive sense on the normal to V„ viz., that given by we naturally 
define the flux of electricity across V, as follows : 

Flux of electricity across V, = [total charge associated with 
world- ines crossing V, in the positive sense] — [total charge 
associated world-lines crossing V, in the negative sense]. (3.17) 

We note that if V, is space-like, and ^*4) points into the future, then the 
flux of electricity across V, is simply the total charge associated with all 
the world-lines cutting V,. 
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Consider a thin tube of world-lines of normal 3-section da^. The total 
charge associated with it is Po</(To. It cuts Vj in dn wheref 

= (3.18) 

But the world-line X‘ cuts V, in the positive or negative sense according as 

or <0. (3.19) 

Hence the contribution to the flux across Vg from the tube is 

*4 da = 64 da. (3.20) 

Thus (3.15) may be written 

{ E(3.4)4/S = F, (3.21) 

J(») 

where F is the flux of electricity across V,. Hence we have this result : 

Theorem III : The flux of electric intensity across a closed V, is equal 
to the flux of electricity across any V* bounded by V,. 

Taking a space-like V,, we have precisely Gauss’s theorem: The flux 
of electric intensity across a closed V* bounding is equal to the total 
electric charge associated with the world-lines cutting V, (i.e., the total 
charge in Vj). 

To make the result more definite, let us suppose that the parametric 
lines of the time coordinate x* are normal to Vj, for which x* — const. 
Let us use Greek suffixes for the range 1, 2, 3. Then, since g.4 — 0 on 

r*4) = 0, /|4)a — 0, — 0, t^,f^ — 0, tj — 1, *4 = — 1. (3.22) 

Let us further suppose that the charges are at rest, so that 

j. = 0, J‘ - (3.23) 

Then (3.15) becomes 

f F*'la..I<4)4<fS= f pgife. (3.24) 

Jm Jw 

Now by (3.7) we have for the electric intensity associated with the charges 
in question, or, by (3.5), the 3-vector of force per unit charge acting on the 
charges, 

E* = F-‘/(4h: (3.25) 

remembering that t’t) is the unit outward normal to V, in Vg, we have 
for the normal (outward) component of intensity 
N = = F'* la,. /a)ii 

t Synge, he. eft. 


(3.26) 
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and (3.24) takes the familiar Gaussian form 


f NdS=f porfa. (3.27) 

J(2) J(8) 

The applications of (2.28) are rather obvious. If we put = J*. we 
get 

f J‘#,4w«4rf« = 0, (3.28) 

J(») 

which simply confirms the conservation of charge by stating that the 
flux of electricity across any closed V, in space-time is zero. If we put 
tj< == 4 ,*, and make use of = 0, the relation to which the potential 
4-vector is conventionally subjected, we get 

[ 64 da = 0, (3.29) 

J(») 


which may be expressed by stating that the flux of potential 4-vector across 
any closed V, in space-time is zero. 

Summary 

The general Green-Stokes theorem, connecting M-fold and (M + 1)- 
fold integrals in an N-space, is applied to space-time, yielding forms 
involving essentially positive elements of area, volume, and 4-volume. 
The indefinite character of the fundamental form in space-time is given 
explicit consideration, certain indicators (db 1) appearing in the formulae 
on that account. The results are applied to the electromagnetic field 
in general relativity. Electric and magnetic intensities are defined, and 
it is shown that (I) the line integral of the potential 4-vector taken round 
a closed circuit is equal to the flux of magnetic intensity across any V| 
bounded by the circuit, (II) the flux of magnetic intensity across a closed 
Vt is zero, (III) the flux of electric intensity across a closed V| is equal 
to the flux of electricity across any V, bounded by V,. This last result 
yields, in particular, the classical electrostatic theorem of Gauss extends*^ 
to general relativity. 


2 0 1 
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The Elastic Constants and Specific Heats of the 
Alkali Metals 


By K. Fuchs, H. H. Wills Physical Laboratory, University of Bristol 
{Communicated by N. F. Mott, F.R.S.— Received 5 June, 1936) 


In a recent paper* the author has given a theoretical calculation of the 
elastic constants of copper and of the alkali metals. The purpose of this 
note is : firstly, to correct some mistakes in the calculation for the alkali 
metals (that for copper is correct); secondly, to compare these results 
with a recent experimental determination of the elastic constants for 
sodium ;t and thirdly, to attempt an explanation of the observed fact 
that the specific heats of the alkalis show abnormally large deviations 
from the Debye form. 

The corrections are as follows: the formulae in Table II, p. 630, for 
the body centred cubic structure should read 


2BI 


3 ?+ 


In formulae (17a) and (18) a factor 2 should be inserted on the left- 
hand side, since w is defined as the potential energy per ion, whereas 
Bom and Mayer's values relate to the energy per pair of ions. 

In formula (23), p. 633, the term 37008 D'® in the coefficient of 
should read 19056 D'®. 

With these corrections the valu^ of the elastic constants (in c.g.s. 
units X 10>^) and the Debye temperatures for the alkalis are shown in 


2C- A- 2B = 


i/tf Cti-Ci, C„ Cii Cit e 

U 1-30 0-341 1-329 1-53 1-19 354 

Na 0-87, 0-141 0-580 0-97, 0-83i 143 

Exp 0-85, 0-16, 0-55, 0-96, 0-79, — 

K 0-40, 0-061, 0-260 0-44, 0-38, 77 


* ‘ Proc. Roy. Soc.,’ A, vol. 153, p. 622 (1936). 

t The powibility of an error in the calculation was suggested by I^ftssor E. 
Grilndsen, since the theoretical values disagreed with the experimental results of 
Herr Bender. I wish to thank him also for the privilege of quoting these results. 
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In the original paper, extrapolated experimental values of the com- 
pressibility were used, since die theoretical values obtained from the 
numerical integration of the wave equation were rather uncertain. 
Frdhlich* has now developed an analytical method of determining the 
wave functions for the alkalis, which makes possible a more accurate 
calculation of the compressibility, at least if the effective number of 
electrons is unity. This is the case for Na and K but not for Li.f 
According to Frdhlich, the energy Wo of the lowest electronic state can 
be shown to be (Wj in Rydberg units, r in atomic units) 

where tl is the atomic volume and r# the radius at the minimum of Wj. 
The total energy per atom of the crystal is then 

w = w„ + w, 4- Wi = - ? + + Wi. 

Here W, is the Fermi energy and Wi the energy between the ions.f At 
the actual atomic radius, we have 

dW 3 3ro* .> 2-210 , dW, « 

This formula allows us to calculate Tq from the atomic radius. For the 
compressibility, we thus obtain 

K 9t2 dr* 4itr*Lr r* ''dr ^ di* \ 

The values given in the table for Na and K are calculated from this 
formula. 

Recently the elastic constants of Na have been measured by BenderJ 
at a temperature of —183° C; his results are also given in the table. 

The SPEanc Heat of the Alkalis 
Debye’s theory of the specific heat of solids agrees very well with experi- 
ment for monatomic substances which crystallize in a cubic structure. 

* 1 wish to thank Dr. Frdhlich for allowing me to see the manuscript. C Proc. 
Roy. Soc.,’ A. vol. 155, p. 640 (1936).) 
t Cf. Seitz, ‘ Phys. Rev.,’ vol. 47, p. 400 (1935). 
j For expreuions for W|, cf. the original paper, 
f ’ Naturwisi.’ {to be pukished). 
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There are, however, a few exceptions to this rule. For the alkalis, in 
particular, the variation of the specific heat with temperature shows 
considerable deviations from Debye’s formula. The success of Debye’s 
theory for other similar substances has led to the suggestion being made 
that tiiis anomaly is not due to the lattice oscillations, but to another effect ; 
Simon,* in particular, has suggested that Schottky’s theory of the excita- 
tion of some higher quantum level would give a satisfactory explanation. 

This interpretation of the anomaly of the specific heat, however, 
assiunes that Debye’s theory can be regarded as satisfactory. Black- 
mant has recently dealt with this question, and he has shown that large 
variations with temperature can be expected in the 0-value in Debye’s 
theory. Pankow^ has measured directly the amplitude of the thermal 
oscillations of lithium and has found that the total specific heat may be 
accounted for by the lattice oscillations. 

In Debye’s theory the dependence of the velocity of the elastic waves 
on the direction in the crystal and also the dispersion, or change of 
Velocity with wave-length, are both neglected. 

The elastic constants of the alkalis, as shown by the author’s theoretical 
calculations as well as the experimental determination for sodium by 
Bender, are highly anisotropic, so that the wave velocity depends on the 
direction much more than for the other metals with cubic structure. We 
shall show that, if the dispersion is neglected, this anisotropy gives the 
sort of divergence from a Debye form observed for the alkalis. 

Let X be the wave-length, v the frequency, and c the velocity of a lattice 
oscillation. The exact formula for the number of frequencies with given 
polarization in the interval <f(l/X) and with wave vectors within the 
solid angle dm has been given by Bom and Karmann§ 

Xv = c = 0) 

where N is the number of atoms and D the atomic volume. We neglect 
the dispersion and assume that the velocity c in any given direction does 
not.depend on the wave-length X. In this case formula (1) reduces to 

N^v*</vd«. (2) 

* Simon and Swain, * Z. phys. Chem.,’ B, vol. 28, p. 189 (193S) ; Simon and Sddler, 

Z. phyi. Oiem.,' A, vol. 123, p. 383 (1926). 

t ‘ Proc. Roy. Soc.,’ A, vol. 148, p. 365; vol. 149, p. 117 (1935). 

} ‘ Helv. phys. Acta,’ vol. 9, p. 87 0936). 

I ’Phys. Z.,’ vol. 14, p. 15 (1913). 
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If we neglect the dependence of the velocity on the direction, this formula 
leads to Debye’s expression for t|ie specific heat. 

In order to obtain a finite number of frequencies, we have to assume a 
maximum frequency v,,, as in Debye’s theory; we shall, however, assume 
that v„ depends on the direction. The number of normal modes with 
given polarization and wave vectors in the solid angle dta is N dot I An; 
equating this to the integral of (2) from 0 to v„ we have 

dco ['"• = 

f* 3 r-® 4n 

which leads to 

v„.-. daOIAnfi^ K = clw^ = a(4n/3yi\ (3) 

Our assumption is thus equivalent to assuming that the frequency spec, 
trum in any direction extends to one and the same minimum wave-length 
X„, which is of the order of magnitude of the distance between the atoms. 

Finally, from equations (2) and (3), we obtain for the number of fre- 
quencies per frequency interval dv 

N(v)rfv- i (4) 

4-1 J Cj* 

Here the integration is over all values of c for which 

and the summation is over the three directions of polarization. 

The velocities c can be calculated from the elastic constants according 
to the well-known formula of Born and Karmann.* Fig. 1 shows the 
dependence of the velocities c, calculated in this way, on the direction in 
the crystal. Thus the frequency spectrum can be obtained from equation 
(4). The result is shown in fig. 2. Except at very low frequencies, it 
has no similarity to a Debye continuum. The three maxima are due to 
the three directions of polarization of the elastic waves. 

From the frequency spectrum, the thermal energy and the specific 
heat can easily be obtainedf 

= (5) 

The result for C, is shown in fig. 3, as a 0-curve plotted against tempera- 


* hoc. at. 

t Cf., for eocample, SchrSdinier, * Handb. d. Fliytik.,* vol. 10, p. 301 (1926). 
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Fio. 1 — ^Dependence of the veloaty of elastic waves on the direction in the crystal. 
The (100) axis of the crysUl is supposed to be perpendxnilar to the plane of the 
figure. The veloaty of waves moving in a direction making an angle 6 with the 
(100) axis is given the radius vector from the centre to the appropriate curve. 
‘Each curve, therefore, if continued in the other four quadrants, gives the velocities 
of waves in directions lying on a cone with the angle of aperture 20 and the axis 
in the (100) direction. The curves for cos 6 1 are dotted, since they refer 

to one direction only. The curves m the three quadrants refer to longitudinal 
waves and tramverse waves with two different directions erf* polarizauon. 
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ture. This representation shows a deviation from Debye’s theory of the 
type observed. The experimental results of Simon and Swain* are also 
shown. 

It may be emphasized again that the rise of the @-value in our present 
calculation is solely due to the anisotropy of the crystal. Similar curves 



Fio. 2 — ^The frequency specUum of lithium, vo is the limiting frequency calculated 
from the elastic constants on the assumptions of Debye’s theory. 



Fio. 3— The specific heat of lithium, plotted as a @-curve against temperature. I, 
calculated; II, observed. 

may be expected for sodium and potassium. Since, however, the effect 
of the dispersion seems to be large, it is hardly worth while to evaluate 
formula (4) for further elements^ It may be sufScient to demonsUate 
the anisotropy of these metals, as compart with that of lithium, on the 
• Loc. cU, 
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one hand, and copper and aluminium on the other. For isotropic sub- 
stances the following relation holds between the elastic constants 

C«4 = (Cii C4 i)/2. 

The two quantities on the right- and left-hand side and the ratio between 
them are 

Li Na K Cu Al* 


cu 

(fii — «'i*)/2 
Cu - Cii 


1-329 0-580 0-260 8-9 2-8*1 
0-170 0-070 0-031 2-5 2-3of 


X 10>^ erg./cm.» 


7-8 8-3 8-4 


3-6 1-23 


The calculated divergence of the ©-value from a constant value is 
greater than that observed. We may conclude that the dispersion has 
the opposite effect to the anisotropy. This is perhaps to be expected, 
since there is no reason why the anisotropy should be so great for short 
wave-lengths as we have calculated for long waves. 

The success of Debye’s theory for Cu and Al is thus rather to be 
found in the fact that the effect of the anistotropy and the dispersion 
largely cancel each other, whereas for the anomalous elements the aniso- 
tropy is so large that this does not occur. 


I wish to thank Professor N. F. Mott, who suggested to me the present 
calculation, for the interest he has taken in it. 


Summary 

Some mistakes in a recent calculation of the author of the elastic 
constants of the alkalis are corrected. The results for sodium are com- 
pared with recent experimental results. An attempt is made to explain 
the observed fact that the specific heats of the alkalis show abnormally 
large deviations from a Debye function. 

* Ooens, ‘ Ann. Phys.,* vol. 17, p. 233 (1933). 
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The Electrical Properties of High Permeability Wires 
Carrying Alternating Current 

By E. P. Harrison, G. L. Turney, H. Rowe, and H. Gollop 
(Communicated by Sir Frank Smith, Sec. R.S.— Received 10 June, 1936) 


I — Introduction 

It is well known that certain alloys of nickel and iron of the “ perm- 
alloy ” and mumetal ’* group have abnormally high values of magnetic 
permeability in small fields, and the properties of these alloys have been 
the subject of a considerable amount of research during the past ten or 
twelve years. It seems to have escaped attention that their high magnetiz- 
ability at low field-strengths causes wires of these alloys to have many 
interesting properties when used as conductors of alternating current. 

Owing to the “ skin effect ”, the a.c. resistance of a wire bears to its 
D.c. resistance a definite ratio which is a function of the frequency of the 
current, and of the diameter, the electrical conductivity, and for ferro- 
magnetics the permeability of the wire. With fine wires (diameter 
O'S mm. or less) of non-magnetic material such as copper, this ratio does 
not materially exceed unity until the frequency approaches 1(P cycles 
per second. But with wires of ferro-magnetic alloys, whose permeability 
may be in the neighbourhood of 50,000, the ratio R*o/Riio is appreciably 
greater than unity even at the lowest audio-frequencies. Furthermore, a 
f(OTO-magnetic wire possesses an internal self-inductance, which, with 
alternating current, is also a function of the frequency, diameter, con- 
ductivity, and permeability. Now permeability is a function of magnetiza- 
tion, and since a wire carrying a.c. is magnetized by the current as well 
as by the external field in which it may be situated, it may be expected that 
its A.C. resistance and inductance will show some sort of dependence on 
both current and external field. 

In this paper an account is given of an investigation of these phenomena, 
of which perhaps the most striking is the very large change of a.c. 
resistance which occurs when an external magnetic field of the order of 
that of the earth is applied to a wire in the direction of its axis. A letter 



452 E. P. Harrison, G. L. Turney, H. Rowe, and H. Gollop 

describing briefly this change of effective resistance was published in 
June, 1935.* The resistance change is many times greater than the 
corresponding magneto-resistance change with direct current, which, as 
is well known, is itself remarkably large in these alloys. 

II— Experimental Details 

It is necessary to remark at the outset that the material used in these 
experiments is one or other of the high permeability alloys of nickel and 
iron of range near to 78% nickel preparal in the form of wire, usually of 
26 standard wire gauge, and annealed in some special way. Since the 
particular alloy used and the heat treatment given to it have an important 
effect on the character and magnitude of the observed phenomena, § VII 
is devoted to these details. For the moment it is enough to state that in 
the experiments described below all the material has been subject to 
some quite definite annealing process, which at present may conveniently 
be left unspecified. 

Apparatus— A. valve oscillator was used as source of alternating current 
in all the measurements. This instrument provides a reasonably pure 
wave form if the frequency is not too low and if the iron core in the 
oscillator inductance is removed; to the degree of accuracy aimed at in 
these experiments its small harmonic content did not seriously affect the 
results. Since, however, the impedance varies with the frequency of 
the A.c. supply, it is evident on general grounds that in making quantita- 
tive measurements of the highest degree of accuracy, which shall also be 
strictly repetitive, it will be essential to use a really pure sine wave 
oscillator. 

A very convenient bridge for the determination of the resistance and 
inductance of various specimens of wire is a modified Kelvin double 
bridge whose circuit is shown in fig. 1. P, Q, and are non-inductive 
resistances, Ri being variable, R, L are the resistance and inductance of 
the nickel iron wire, MA is a thermomilliammeter of resistance r, and 
C is a variable capacity. 

•The indicator is a cWpbell vibration galvanometer VG. 

The conditions for balance are : — 

R = QR,/P 

and it was generally found convenient to make P = 100 ohms, Q = 1 ohm. 

* HarrUon, Tumey, and Rowe, * Nature,* vol. 135, p. 961, 8 June (1935). 
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To find the current i in the specimen in terms of the current /’i observed 
m the ammeter, we have 

+ pTq]- 

By introducing a battery instead of the oscillator and an ordinary galvano- 
meter at VG, D.c. resistances can also be measured. 

The accuracy with which the instrumental measurements can be made 
is such that at a frequency of 500 cycles/second, the effective resistance is 
determined to one-tenth of 1% and the inductance to one-fifth of 1%. 



No particular precautions were taken in measuring the absolute value 
of the frequency, but variations did not exceed J-cycle/second. 

In order to apply a uniform longitudinal field to a wire, two alternative 
methods were used, a pair of Helmholtz coils, or a solenoid long com- 
pared with the wire. 

Method of Mounting the Wires—The effect of strain on the properties 
with which we are concerned has been found to be extremely important. 
The relations between strain and impedance have not been investigated, 
but it became evident that it was vital to eliminate both strain and 
temperature variations in order to ensure that all impedance measure- 
ments should be repetitive within the limits of accuracy determined by 
the character of the a.c. supply, and the nature of the bridge. Constancy 
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of temperature was easy to attain, but much experimental work was 
necessary before a satisfactory way was achieved of mounting isolated 
wires so as to avoid strain. As a result of these experiments two neces- 
sary conditions emerged: — 

(i) The wire must, if horizontal, be supported along its length; in 
other words it should he along a plane surface, or be embedded in some 
form of vaseline or petroleum jelly. 

(ii) One end of the wire only may be fixed by solder or otherwise to a 
copper or brass terminal on the base plate; the other end must be as 
nearly free from constraint as may be, consistent with the necessity of 
conducting current into the wire. The most practicable method for 
purely experimental purposes was to keep both ends free by soldering 
short lengths of thin copper wire to the ends of the specimen, allowing 
these copper end pieces to dip into mercury cups. For other purposes, 
where it may be necessary to transport the specimen, one end may be 
fixed by solder and the free end attached to its fixed contact piece by a 
fine copper spiral. 


Ill— Results 

Except where otherwise specified, the results given below were obtained 
with a mumetal wire, 0-44S mm. in diameter and 15*25 cm. long, having 
the following percentage composition : Fe, 16*6 ± 0*2; Cu, 5*0 ± 0*1 ; 
Mn, 0*5 ±0*1; Cr, 1*4 to 1*8; Si, 0*2 to 0*25; Ni, 77*3% by sub- 
traction. 

After being straightened by electric heating under tension it was 
annealed by heating in hydrogen for two hours at 900° to 920° C. and 
cooling slowly with the furnace. 

Zero Longitudinal Magnetic Field— 'The wire, lying horizontally at right 
angles to the magnetic meridian, was demagnetized, and measurements 
were made of its effective resistance and reactance at various frequencies 
and with various currents. Some results are shown graphically in fig. 2. 
The outstanding feature of the curves at each frequency is the maximiun 
through which the effective resistance passes as the current is varied ; for 
convenience the current value at which the maximum occurs will through- 
out this paper be termed the “ optimum current ” for the wire in question 
in the prevailing conditions. Effective resistance and optimum curren 
both show a regular increase with increasing frequency, and these 
characteristics have been found in all the wires investigated, though the 
actual values vary widely according to the composition of the wire and 
the heat treatment 4 bas received. 



Electrical Properties of Wires 455 

The reactance also has a maximum value for each frequency, in the 
case shown in fig. 2 at a value of current less than the optimum. But this 
is by no means an invariable characteristic, and the reactance curves are 



Fkk 2— Variation of dfective resistance and reactance with current at different fie- 
queodet. Wire 15*23 cm. long, 0-44S nun. diameter. 

found to differ considerably in character as the composition of the alloy 
is varied. For some alloys the maximum reactance occurs at a current 
above the optimum; in others a minimum occurs near the t^timum 
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current, followed by a maximum at a much higher value. Since, how- 
ever, the reactance component is in general only about one-third of the 
effective resistance, these irregularities have no very pronounced effect 
on the impedance. 

When the current is taken through a cycle of increasing and decreasing 
values there is a small but measurable hysteresis of both resistance and 
reactance with respect to current. A typical result, obtained with a wire 
different from that to which the curves of fig. 2 refer, is shown in fig. 3, 
curve 1, and illustrates the nature of the resistance hysteresis. 

The Effect of External Magnetic Fields — When an external magnetic 
field is applied at right angles to the length of the wire we have been unable 
to detect any change in either component of the impedance. But we 
have found that marked changes are caused by the application of a steady 
longitudinal field. In fig. 4 are shown the values of the two components 
in various fields up to 1 gauss and at various frequencies, the current in 
the wire being the optimum, as determined from fig. 2, at each frequency. 
Fuller results for the same wire, usmg a wide range of currents at each 
frequency, are set out in Table I. Inspection shows that the greatest 
change of effective resistance with field occurs with a current at or near 
the optimum for each frequency, and that the optimum current, as 
previously defined, does not alter when a field is applied. 

There is a small hysteresis effect, which is illustrated in fig. 3, curve 2, 
when the wire is taken round a magnetic half-cycle of increasing and 
decreasing field. The curve shown was obtained with the same wire as 
that of fig. 3, curve 1. 

The existence of hysteresis with respect to current makes necessary two 
experimental precautions which arc worthy of note. First, in making a 
series of measurements with different currents as in Table I, it is essential 
in order to obtain consistent results either to carry out a complete circular 
demagnetization of the wire initially and work with increasing current 
values on the lower branch of fig. 3, curve 1, or else to start with a satur- 
ating value of cunent and work with decreasing values on the upper 
bjianch. 

Secondly, during measurements with varying field at any particular 
current value, when the field is increased by a step the effective resistance 
of the wire decreases. To restore balance the variable arm of the bridge 
must also be decreased, and since the ratio is 100/1 this leads to an 
appreciable increase of current above the chosen value. If we are working 
with increasing current values (the first method described above) the 
subsequent restoration of the current to its chosen value will not, owing 
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to hysteresis, restore the wire to its original state of circular magnetization, 
and it is therefore necessary before re-balancing the bridge to reduce the 
current slightly. If we arc working with decreasing current values the 



Longitudinal field (gauss) 

Fk). 4--Variatk)n of effective resistance and reactance with longitudinal field at 
different ftequendes and optimum current. Witt I5-2S cm. long; 0-44S mm. 
diameter. 


need for this precaution does not arise, and this was the method actually 
employed in obtaining the curves of fig. 4. 

Wires of Different Dimensions— With wires of different lengths, but 
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Table I— The variation of a.c. resistance and reactance with current 
and applied longitudinal field at constant frequency 

Wire from heat 94 — 0 02225 cm. radius, 15-25 cm. length, 0-410 ohm 
D.c. resistance; frequency 515~ 

Field Current a.c. Reactance Field Current a.c. Reactance 

in in resistance in mm resistance m 

gauss m/A. ohms ohms gauss m/A. ohms ohms 

0 170 7 0-478 0-131 0 150-7 0 489 0-141 

0-2 0-475 0-131 0 2 0-485 0-141 

0-4 0-469 0-129 0-4 0-477 0-139 

0- 6 0-462 0 126 0-6 0-468 0-135 

0 8 0-454 0-121 0-8 0-459 0-130 

1- 0 0-449 0 116 1-0 0 452 0 124 

0 135-6 0-500 0-150 0 119-0 0-514 0-162 

0-2 0-495 0-148 0 2 0 509 0-161 

0-4 0 486 0 146 0-4 0-496 0-159 

0-6 0-476 0-144 0-6 0-484 0-155 

0-8 0-466 0-138 0-8 0-472 0-147 

1 0 0-458 0-132 1-0 0-462 0-139 

0 101-2 0-533 0-172 0 91-0 0-551 0-182 

0-2 0 526 0-173 0-2 0-543 0-184 

0 4 0-511 0-172 0-4 0 524 0 182 

0-6 0-495 0-168 0-6 0505 0-178 

0- 8 0-481 0 161 0-8 0 490 0-170 

1- O 0-471 0-151 1-0 0 476 0-159 

0 80-9 0-573 0-192 0 70-8 0-598 0-205 

0-2 0-562 0-195 0-2 0-586 0-209 

0-4 0-542 0 194 0 4 0-558 0-210 

0-6 0-519 0-190 0-6 0-530 0-204 

0- 8 0-499 0-180 0-8 0-507 0-190 

1- 0 0-484 0-166 1-0 0-491 0-175 

0 60-7 0 635 0-217 0 50-6 0-681 0-230 

0-2 0-621 0-222 0-2 0-666 0-237 

0-4 0-584 0-225 0-4 0-621 0-244 

0-6 0-549 0-218 0-6 0-573 0 234 

0- 8 0-521 0-200 0-8 0-540 0-214 

1- 0 0-502 0-186 1-0 0-520 0-196 


0 45-5 0-708 0-237 0 41-0 0-743 0-245 
0-2 0-696 0-246 0-2 0-726 0-255 
0-4 0-639 0-254 0-4 0-664 0-264 
0-6 0-589 0-242 0 6 0-616 0-251 


2 H 2 
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Table I — (continued) 

Field Current a.c. Reactance Field Current a.c. Reactance 

in in resistance in in in resistance m 

gauss m/A. ohms ohms gauss m/A. ohms ohms 

0- 8 45 5 0-549 0-217 0-8 41-0 0-565 0-226 

1- 0 0-527 0-200 1-0 0-540 0-204 

0 35-9 0-778 0 253 0 30-8 0-822 0 260 

0-2 0-764 0-262 0-2 0-808 0-272 

0-4 0-690 0-274 0-4 0-722 0-283 

0-6 0-623 0-258 0 6 0 644 0 265 

0- 8 0-579 0-232 0-8 0 598 0 238 

1- 0 0 552 0 210 1-0 0-566 0-214 

0 25 6 0 866 0-264 0 20-5 0-902 0-270 

0-2 0-856 0-276 0 2 0-892 0 275 

0- 4 0-757 0-292 0 4 0-781 0-292 

0 6 0-669 0-268 0-6 0-687 0-266 

0 8 0 615 0-239 0 8 0-633 0-239 

1- 0 0-581 0-214 1 0 0-596 0-215 

0 18-5 0-904 0-271 0 15-4 0-894 0 271 

0 2 0-895 0-276 0-2 0-883 0 275 

0-4 0-786 0-289 0 4 0 778 0-287 

0-6 0 688 0-263 0-6 0 683 0-260 

0- 8 0-635 0-238 0 8 0-630 0-234 

1- 0 0 597 0 214 1 0 0 593 0 211 

Otherwise identical, it has been found, as is natural, that the optimum 
currents and the ratios, 

A.C. effective resistance 
D.c. resistance 

in zero Held do not vary but that the efiect of applying longitudinal fields 
increases with the length, owing to the reduction in self-Klemagnetization. 
This is shown in the graphs of fig. 5 which were obtained by cutting down 
a. 26 S.W.G. wire originally 41 cm. long. 

In wires of different diameter, on the other hand, there are differences 
not only in the longitudinal self-Klemagnetization but also in the dis- 
tribution of current over the cross-section, so that therr a.c. properties 
are fundamentally different. In investigating the variations in th^ 
properties with diameter an experimental difficulty arises. 

It will be shown in § VII that heat treatment has a very important 
effect on the characteristics of a wire of any particular composition. In a 
batch of wires having the same length, diameter, and composition all 
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subjected to the same heat treatment, there is always found to be a 
gradation of quality, so that no two wires of the same batch are strictly 
alike magnetically. It is not, therefore, an easy matter to devise a 
satisfactory way of making comparable measurements on wires drawn 



current ” 25 m/A. 

to different diameters and subsequently annealed, even though annealed 
in the same “ heat the less so since the effect of cold working on a wire 
previous to its annealing has a marked and uncontrollable influence upon 
its magnetic properties. 

The best way hitherto discovered for producing comparable wires of 
different diameter is to choose specimens of the same len^ and diameter 



462 E. P. Harrison, G. L. Turney, H. Rowe, and H. Gollop 

from one heat-treated batch which differ as little as may be in their 
magnetic properties, and to etch them with an acid mixture for different 
lengths of time. By this means we obtained a series of wires having as 
neariy as possible the same physical characteristics and differing only in 
diameter. Their diameters lay between 0 -445 mm. and 0 -1 mm. and 

they were all 15-25 cm. long, the ratios thus ranging between 

343 and 1525. 

The impedance measurements on these wires at optimum current with a 
frequency of 515 cycles per second, and in zero longitudinal field, are 
set out in Table II. It will be seen that the optimum current decreases 
with decreasing diameter. It is also found that the resistance-maximum 
at optimum current is sharper the smaller the diameter of the wire. 

Table II— Wires of different diameter, length 15-25 cm.; frequency 
515 c./scc.; zero longitudinal field. Ro = D.c. resistance (ohms); 
R = A.c. effective resistance (ohms) ; wL = reactance (ohms) ; at 
optimum current I m/A. 

Diameter 1 R b>L R/Ro coL/Ro 

mm. m/A. 

0-445 25-5 0-713 0 159 1-870 0-416 

0-437 22-5 0-777 0-195 2-000 0-501 

0-427 21-0 0 864 0 240 2-067 0-574 

0 376 12 5 1-218 0 412 2 248 0 761 

0-346 9-0 1-433 0-498 2-316 0-805 

0-315 8-5 1-615 0-506 2-150 0 674 

0-264 5-5 2-231 0-624 2-039 0-570 

0-183 4-2 3 558 0-830 1-510 0 352 

0-102 3-5 7-278 0-623 1-115 0-095 

Very large percentage changes in effective resistance are observed when 
a longitudinal field is applied to wires of small diameter. An example, 
for a wire of diameter 0 -183 mm., is shown in fig. 6. It will be noticed 
that the resistance changes by about 20%, or 0-6 ohm, when the field is 
reduced from 0-18 gauss to zero, so that a change of this magnitude is 
produced by simply rotating a horizontal wire through 90° in the earth’s 
magnetic field. 

The Temperature Coefficient— The temperature codficient of effective 
resistance was measured for the wire from which the curves of figs. 2 
and 4 were obtained, using the optimum current at 515 cycles per second, 
and with longitudinal fields between zero and 1 gauss. Ilie relation 
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Fk). 6— Variation of a.c. retUtaooe with aiq)lied longitudinal field. Frequency 
SI 3~, optimum current. Length 13-25 cm.; diameter 0 0183 cm. 
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between resistance and temperature is linear for each field valxie, but the 
coefficient decreases as the field increases, some measured values being 

0-00306 in zero field. 

0-00303 in 0-2 gauss. 

0-00211 in 1-0 gauss. 

The D.c. temperature coefficient for the same wire was 0-0026. 

IV— THEORBnCAL CONSIDERATIONS 

Consider a straight cylindrical wire of circular section with radius a, 
electrical conductivity a and constant permeability [ip. 

Let Rg be its D.c. resistance. 

R be ffie effective resistance and L the inductance at frequency (d/2n. 
It is well known* that R and L are given by the equation 

R4-7<iL _ /^g Jo(iv^) 

Ro Ji(«V5) 

where 

( 2 ) 

from which R/Rg and <<>L/Rocan be obtained in terms of the ber and bei 
functions of Kelvin. 

With ferro-magnetic material the permeability is not a constant and the 
fundamental equation of conduction in the wire cannot in general be 
solved. 

It is well known, t however, that if the magnetic field H due to the current 
at any point in the wire is assumed to be a simple sine-wave without 
harmonics, and the induction B at the same point to be another sine-wave 
lagging an angle behind H, an elliptical relation between B and H is 
obtained which is a fair approximation to an actual ferro-magnetic 
hysteresis loop. 

The relation may be written 

B = H, (3) 

where (i is the permeability and is a constant defined by 

(4) 

* Zenneck, ‘ Ann. Phyaik,’ vol. 2, p. 1135 (1903). 

t Rutsdl, “ Alternating Currents,” vol. 2, chap, x ; (}all and Sims, * J. hutn. elect 
Engn.’, vol. 74. p. 453 (May, 1934). 
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Bg and Hg being the maximum values of induction and field respectively 
in the ellipse. 

For the simple permeability {ig in (2) we must therefore in ferro- 
magnetic material substitute the complex expression 

fig = 

-{xi(l-yh), (5) 

where 

ti, = cos (6) 

and 

h — tan (J/. (7) 

It may easily be shown that if W be the hysteresis loss in the wire in 
ergs /cycle/ cc. 

W=-5^Bg»= KBg*, 

where 

K = ^. (8) 

4(1 

Thus the angle is given in terms of (i and the quantity K, which as a 
rough approximation may be taken as the Steinmetz coefficient of the 
material. 

It must be remembered, however, that in a wire the value of Hg varies 
from zero at the axis to a maximum at the circumference, and that with 
actual material |x as defined by (4) is not a constant, but varies with Hg 
and is therefore a function of the distance from the axis. 

But the solution (I) of the equation of conduction can only be obtained 
on the hypothesis of constant permeability, so that it is necessary to 
assume a constant value of (i, or in other words to take [i as a mean value 
averaged over the whole cross-section of the wire. The same probably 
applies also to the value of 4'- 

With this understanding we can substitute for |ig in (2) the complex 
expression (S), so that 

where 

(9) 

This substitution makes it less easy than in the classical case to obtain 
from (1) the values of R/Rg and «L/Rg, but the computation for a con- 
siderable range of values of k and b has been carried out by Wwedensky,* 
• Wwedeittky and SchiUerow, ‘ Z. Physik,’ vol. 34, p. 309 (1925) ,mw also Mittelstnus, 
‘Arch. Elektrotech.,’ vol. 18, p. 595 (1927); Ermolaev, ibid., vol. 23, p. 101 (1929); 
Antik, ibid., voL 25, p. 125 (1931). 
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who has given his results in a convenient form as a mesh diagram in 
which values of R/Rq and coL/Rq are plotted as abscissae and ordinates 
respectively for various values of k and b, and curves of constant k and 
constant b drawn to form the mesh. In the present work R/Ro and uL/Rq 
have been measured, so that the corresponding values of k and 6 can at 
once be read off from the diagram. follows from (6), (7), and (9) for 


cos 

2k‘ 

7M*fcKTCOS 


JR^ 


‘k*. 


( 10 ) 


(oLcos 

where / = length of wire. 

K then follows at once from (8). 

It may be noted that the conception that hysteresis losses in alternating 
fields are the cause of a lag between B and H, which makes the permeability 
a complex function, is essentially that of Arkadiew.* 

The treatment outlined above avoids the introduction of the fictitious 
“magnetic conductivity” postulated by that worker, and as has been 
seen leads to a solution in terms of recognized properties of ferro-magnetic 
material. 


V— Application to Experimental Results 
i— Axial Field Zero— In Table III, a and b, arc shown the values of 
and K computed from the measured values of R/Ro and uL/Rp for 
a particular wire at various currents and frequencies, with zero axial 
field. The wire was of mumetal, 23-5 cm. long and 0-457 mm. in 
diameter. 

The values of |ji at constant frequency, when plotted against current, 
are found to lie on smooth curves which resemble in form the ordinary 
tJt-H curve of ferro-magnetic material. The variations in K with 
current are, on the other hand, somewhat irregular, and very much 
sihaller than those of ji, the values being, in fact, appreciably constant 
over a wide range of current. By taking the maximum value of [* and 
its corresponding value of K at each frequency we obtain Table IV. 

The variation with frequency suggests that in order to compare directly . 
the values of p and K obtained from impedance measurements with those 
which can be derived from magnetic ineasurements, it is necessary that 


• Phyi. Z.: ycA. 14, p. 928 (1913). 
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Table 111 

a— V alues of x 10-* 

Frequency, cycles/sec. 


467 

m/A. 

55 

100 

150 

210 

350 

loo 

30 

209 

1 98 

1 55 

1-58 

1-52 

1 26 

50 

3 02 

2-80 

2-48 

2-21 

200 

1-60 

7-5 

418 

3-85 

3 29 

2-93 

2 49 

1-96 

100 

4-85 

4 20 

3 82 

3-38 

2-84 

2-25 

15 0 

4-24 

3-80 

3-55 

3-41 

3 01 

2-50 

20 0 

3-30 

3 14 

3 10 

301 

2 80 

2-44 

30 0 

2-35 

2-20 

2 30 

2 26 

2 22 

2 06 

350 

207 

1 94 

2 03 

2 07 

1-98 

1-91 



Z>— Values of K x 

: 10« 



3 0 

4-7 

6-4 

6-4 

7 3 

8-2 

9 9 

50 

5 0 

5 4 

61 

70 

7 9 

9-4 

7-5 

4-2 

4-7 

5 4 

6-2 

7-3 

8 9 

100 

3-4 

4-4 

50 

60 

70 

8-6 

150 

3 4 

4-5 

50 

5 9 

7-7 

8-1 

200 

3-9 

4-7 

5*3 

60 

6-8 

8*1 

30 0 

40 

5-2 

5-8 

6-6 

7-7 

8-7 

35 0 

4 3 

50 

5-9 

6 8 

81 

9 0 

the frequency should be extremely small. 

If we extrapolate the results 

in Table IV to 

zero frequency we 

get the following values of |x and K : 




5-8 X 10< 






K = 

1-7 X 10«- 




Table IV- 

-Maximum Values of (i and Corresponding Values 


OF 

K AT Different Frequenhes 



Frequency 


|x X 10^ 


K X 10* 


55 



4-86 


3-4 


100 



4-41 


4-4 


150 



3-85 


50 


210 



3-53 


5-9 


350 



3 03 


6 7 


500 



2 51 


8-1 


The B-H curve for the wire and hysteresis loops with various 

values 

of maximum induction were found by endosing the wire in a solenoid 

and using the standard ballistic method of magnetic measurement. The 
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self-demagnetization effect was eliminated, approximately at any rate, by 
applying the correction appropriate to cylindrical wires. 

The maximum permeability found in this way was 8*5 X 10* and the 
values of K calculated from the formula W = KBq* are shown in Table V. 

Table V 

B, W (erg»/cc.) K x 10* 

3000 14-4 1 6 

4600 30 0 1-42 

4900 34 5 1-44 

If it is borne in mind that (ji as derived from impedance measurements 
is by definition an average value of permeability over a range of fields 
from zero upwards, and therefore essentially less than the actual maximum 
permeability in the wire, it appears that the two results are in reasonable 
concordance. A more exact comparison is a matter of great difficulty, 
since we have no knowledge as to how to arrive at the mean value of 
permeability which it is necessary to assume in order to solve the equation 
of conduction in the wire. It is possible, however, to give a general 
qualitative interpretation of the results shown in Table III, a. 

The variation of n with cunent, at constant frequency, clearly derives 
from the normal variation of permeability with field. For the value of p 
for any current must be some sort of average value of permeability 
calculated over a range of field between zero and the field at the surface 
of the wire, which is proportional to the current. Thus, whatever method 
of calculation of the average be employed, the ii-current curve must have 
the same general form as the curve connecting permeability and field, 
namely a rather sharp rise to a maximum followed by a slower decrease. 

As the frequency increases, the total cunent in the wire remaining 
constant, the distribution of the current over the cross-section changes so 
that it is concentrated more and more in the outer layers, with the result 
that the field at points within the wire becomes smaller, although that at 
the surface is unchanged since it depends only on the total current. If 
in fig. 7, curve 1 represents the distribution of permeability from the axis 
to the circumference of the wire (of radius a) at some given low frequency, 
the corresponding distribution for the same current at a higher frequency 
will be given by a curve of the form of curve 2. The average permeability 
over the cross-section, or p, will evidently be smaller whw calculated 
from curve 2 than from curve 1, particularly for small or moderate current 
values. When the current is so large that the field at the surface approaches 
saturation, and the permeability there is small, it can be easily seen that 
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the average values of permeability at diflFerent frequencies will tend to 
equality. It is also easy to see that the maximtun values of p. (the average 
permeability) will decrease and will occur at higher values of current as 
the frequency increases. Reference to Table III, a, shows that these are 
the salient features of the experimental results, which can thus be broadly 
and qualitatively interpreted in terms of the ordinary magnetic properties 
of the wire. 

In attempting a quantitative explanation it must be remembered first 
of all that we have assumed that at any point in the wire the hysteresis 
loop due to a single cycle of current is an ellipse. 



Let fig. 8 represent one such ellipse, at a point distant r from the axis, 
with a maximum value of field H, and of induction Bq. The permeability 
at this point is defined as n, = ^ = ^ in fig. 8. If we proceed from the 
axis to the surface of the wire we get a family of ellipses in which H, varies 
from zero at the axis to — r— at the surface, where a is the radius and I 


the R.M.S. value of current To obtain |x, in terms of the measured 
permeability of the wire it is assumed that the locus of P is the B-H curve 
of the wire, so that the value of for any value of Ho is equal to the 
measured permeability for a field-strength H = Ho- 
Now except when the frequency is infinitesimally small the variation 
of H, from axis to surface is not linear, so that it is next necessary to 
determine the distribution of field over the cross-section. It may easily 
be shovm from the classical equation of conduction in a wire that dm 
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amplitude of field (Ho) at a point distant r from the axis is given by H,, 
where 


u _ jber'* X + bei’* x)^ „ 

' (ber’* z + bei'* z)* ’ “ 

in which 


(11) 


X 



Fig. 8. 


Since, however, we have substituted for (i in the classical equation the 
complex quantity iii(l —jb) {vide p. 465), the parameter z becomes 
complex, and it is not easy to obtain numerical values of H, from (11). 
To a first approximation, therefore, the distribution of field is calculated on 
the assumption that hysteresis may be ignored, so that h = 0, the values 
of i being obtained by using those of n given in Table III, a. The values 
of (ji, over the cross-section then follow, according to assumption, from 
the B-H curve obtained ballistically, and may be plotted to give curves 
of the type shown in fig. 7. 

It is finally necessary to average (i,. over the cross-section in order to 
establish the value of for the whole wire, which should, if the assump- 
tions made are reasonable, be in agreement with that deduced from the 
impedance measurements and given in Table HI, a. It is very doubtful 
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how this average should be.calculated, but for simplicity it has been taken 
as the arithmetic mean of [i, over the cross-section, i.e., we write 

aio 

On this basis it has been attempted to construct Table III, a, from the 
B-H curve of the wire, but the results are not particularly encouraging. 
The calculated maximum values of p at each frequency are always greater 
than those shown in the table, and the discrepancy increases with the 
frequency. Thus, if the distribution of field over the cross-section is 
linear, which is so for very low frequencies, the calculated value of p is 
6 X 10*, that obtained by extrapolation from Table III, o, is 5-8 x 10*, 
which is in good agreement. But at 500 cycles per second the experimental 
value of (iimtx is 2-5 X 10* while that calculated is about 5 x 10*. The 
theory, therefore, is inadequate to account quantitatively for the decrease 
in |Xm»x with frequency shown by the imp^ance measurements. This 
may indicate that the concentration of current in the surface of the wire is 
greater than has been calculated approximately on the classical theory. 
A further discrepancy is that at any frequency the maximum value of p 
shown in Table III, a, occurs at a value of current considerably greater 
than that which the theory would indicate. From this it would appear 
that the amplitude of field at the surface of the wire must actually be less 

than But there remains the possibility that the hysteresis loop 

a 

traversed at a point in the wire during a cycle of current cannot be related, 
as has been assumed, to the loop measured ballistically with longitudinal 
magnetization, and in this case the whole basis of comparison must 
break down.* 

If we turn to Table III, b, and consider the variations in K, the hysteresis 
constant deduced from impedance measurements, this view appears to 
find some support, for these variations are very difficult to account for by 
means of the l»llistic hysteresis loops of the material, since we have found 
that K determined ballistically is appreciably constant over a wide range 
of flux density. In Table III, b, the variations of K. with current at constant 
frequency are perhaps small and irregular enough to be attributed to 
fortuitous divergences from a constant value which, as has been seen, agrees 
well enough with the ballistic value when the frequency is sufficiently low. 
But the marked increase in K which occurs with increasing firequeAcy 

* There actually appears to be some evidence of magnetic anisotropy in ferro- 
magnetic wires, vtdt Ermolaev, ‘ Arch. Elecktrotech.,' vol. 23, p. 101 (1929). 
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seems to indicate either that the hysteresis looptin these conditions is quite 
different from that obtained ballistically, or that the postulated lag between 
field and induction in the wire is due not only to hysteresis but to some 
other property, such as magnetic viscosity, which increases with freqiiency . 

ii — The Effect of Applying cm Axial Field— The values of n and K have 
been computed as above for the same wire with the same range of frequency 
and current, and with applied axial fields up to 0 ■ 6 gauss. As an example 
of the effect of axial field the values at a frequency of 55 cycles per second 
are shown in Table VI, a and b. The results at higher frequencies are 
similar in character. 

Table VI 


a— Values of (i x 10-‘. Frequency 55 c./sec. 

Axial held in gauss 


«.uiTeni X 

m/A. 0 0 1 

3 0 2 09 1-78 

5 0 3 02 2-90 

7-5 4 18 3-87 

10 0 4-8S 416 

15-0 4-24 3 60 

20 0 3-30 2-95 

30-0 2-35 2 12 

35-0 2 07 1-92 

^Values of K x 10*. 
3-0 4-7 5 0 

5-0 5 0 4 7 

7-5 4-2 4-3 

10-0 3-4 3-8 

15-0 3-4 3-7 

20-0 3-9 3-8 

30 0 4 0 4 0 

35-0 4-3 3-9 


0 2 0 4 0-6 

1- 32 1-14 MO 

2 10 1 56 1-30 

2- 69 1-93 1-51 

2 93 195 I 58 

2-72 1'83 1-50 

2-33 1-71 1 32 

1-86 1-49 108 

1-68 1-38 101 

Frequency 55 c./sec. 

5-6 7 0 6 3 

51 7-2 8-1 

4-8 6 3 7 9 

4-5 6-4 7-3 

4 0 5-5 6-5 

4 I 4-4 6-5 

4-2 4-7 6 3 

4-2 4-5 5-7 


Now when a wire is subjected simultaneously to an alternating circular 
and a direct longitudinal magnetic field, its resultant magnetization is of 
an alternating screw type, the mathematical investigation of which is not 
within the scope of this paper. No quantitative explanation of the experi- 
mental results shown in Table VI will therefore be attempted. The 
results can, however, at any rate as far as (x is concerned, be broadly 
explained by means of the theory of ferro-magnetism. A ferro-magnetic 
body is conceived to consist of a very large number of domains, which, 
in the absence of an eternal field, are spontaneously magnetiTeH in 
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directions distributed at random over the aggregate, so that the resultant 
magnetization of the body is zero. If the body is a wire and a circular 
field is applied to it by the passage of current, direct or alternating, the 
directions of magnetization of the domains tend to conform to the direc- 
tion of the field and the body becomes circularly magnetized, the circular 
permeability at any point in the wire assuming the value appropriate to 
the field at that point. If a direct longitudinal field of increasing magni- 
tude is superposed on an alternating circular field, the directions of 
magnetization of the domains tend to lie along the axis of the wire, and 
the constraint thus imposed renders them less able to conform to the 
alternations of the circular field, and the circular permeability is decreased, 
slightly for small axial fields, and then at a rate which increases rapidly 
with the field for a time but finally dies away as the magnetization of the 
domains approaches perfect alignment with the field and the wire becomes 
saturated. The values of p. given in Table VI, a, show just this type of 
variation as the axial field is increased. 

A somewhat analogous phenomenon is the well-known fact that when 
a direct current is passed through a wire so as to give it a steady circular 
magnetization the longitudinal permeability is decreased. On the other 
hand, when the circular field is alternating the longitudinal permeability 
for small fields is known to be increased, probably in the same way as it 
is increased by the agitation due to mechanical vibration. Thus in the 
case considered here the decrease in circular permeability caused by the 
axial field is accompanied by an increase in longitudinal permeability. 

It will be remembered that when an external field is applied at right 
angles to the axis of the wire there is no measurable change of impedance, 
and consequently of mean circular permeability. During any half-cycle 
of current the applied transverse field and the circular field due to the 
current are in the same direction in one half of the cross-section of the 
wire and in opposite directions in the other half. It is to be expected, 
then, that the effect of a transverse field over the whole cross-section will 
be zero. 


VI — Discussion of Results 

The experimental results which have been described in § III show that 
the A.c. resistance and reactance of a highly permeable wire undergo 
changes of considerable magnitude when its circular or longitudinal 
magnetizations are altered by variations in current or external field. It 
is evident that this variation of impedance with external field affords a 
novel method of measuring or detecting snudl changes in a magnetic 
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field of the order of that of the earth, or even of measuring absolute values 
of field. It is not the purpose of this paper to discuss or describe in any 
detail such possible applications of the effect which has been discovered, 
but certain considerations which arise from the experimental results 
may briefly be touched upon. 

We have seen that the reactance of a wire is small compared with its 
resistance, so that in general the power factor considerably exceeds 0 -9. 
Therefore, although a change in external field produces a change of 
impedance m the wire, this may be considered for practical purposes to 
be due to a change of ohmic resistance, the reactive change being negligible, 
ft IS desirable at this stage to introduce some quantity which will define 
the sensitivity of a wire to changes in external field. If in an axial field H 
the A.c. resistance is R, and if a small change of field SH gives rise to a 

change of resistance SR, then ~ ^ 


R-H curve at the point H. We define the sensitivity of the wire in a 
field H as the percentage change of resistance caused by 0 - 1 gauss change 
of field, i.e.. 


100 ^R 
R '3h 


y 


01 = 


10</R 

Km- 


It will be realized that this is not necessarily in all cases the most suitable 
definition of sensitivity, but it has been found a convenient term to use m 
discussing the characteristics of a particular specimen of material. 

It is clear at once from the data which have been given that the sensi- 
tivity of a wire of given diameter varies between very wide limits according 
to its length, the external magnetic field, and the amplitude and frequency 
of the current. 

Reference to Table I shows that, ceteris paribus, the sensitivity is 
greatest with the optimum current flowing in the wire. This, it will be 
recalled, is the current at which the resistance has its maximum value and 
is therefore least affected by accidental current variations, so that stability 
as well as sensitivity is a maximum. On the other hand, the sensitivity 
of any network in which the wire may be placed is proportional to the 
current, so that in some cases it may be practically advantageous to 
sacrifice some intrinsic sensitivity and stability in order to obtain greater 
network sensitivity. Theoretically, however, it is desirable to work at 
optimum current, and this will be taken as the basis of further discussion. 

The R-H curves at different frequencies (using the optimum current) 
for a particular wire sample are shown in fig. 4. Although the maximum 
slope of the curve increases with frequency, the sensitivity as defined above 
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in a field of 0*4 gauss (that of the earth’s vertical component) is greatest 
at a frequency of about 500 cycles per second, and this would therefore 
appear to be in general the best working frequency. 

As regards the dimensions of the wire, the curves of fig. 6 show that 
for a given diameter the sensitivity increases with the length, since with 
wires of small dimension ratio the effect of self-demagnetization is to 
reduce the sensitivity in small fields If the length is less than 20 cm. 
there is practically no change of resistance in a wire of 0-445 mm. dia- 
meter for fields between zero and 0-2 gauss. Adequate length is thus 
essential. If length is restricted, for any reason, greater sensitivity in 
small fields may be obtained by using wires of smaller diameter. This, 
however, introduces considerations other than that of the dimension 
ratio, since the " skin effect ", which determines the a.c. resistance, is a 
function of the diameter, and, as we have seen (Table II), wires of different 
diameters show fundamental differences in behaviour when used as 
conductors of A.C. Thus the optimum current decreases with the 
diameter, and the resistance-maximum which occurs at this current 
becomes sharper the finer the wire, so that a decrease in diameter entails 
a loss not only of network sensitivity but of stability to accidental current 
variations. 

It is clear that in applying the field-sensitivity of the a.c. resistance of 
nickel-iron alloy wires to the measurement of magnetic fields or changes of 
field there exists a wide choice of working conditions, and that the optimum 
conditions can only be determined by reference to the particular circum- 
stances of the measurement required. Enough has been said to indicate 
the application to such determination of the experimental results which 
form the subject matter of this paper. 

In the next section some account is given of experiments which have 
been carried out with the object of producing wires of as high sensitivity 
as possible by means of suitable heat treatment. 


VII — Heat Treatment 

It is evident from the theory which has been developed earlier that the 
change of impedance with axial field is an extremely complex phenomenon, 
and uncertainty must exist as to the precise magnetic qualities which i; is 
necessary to develop in a wire by heat treatment in order that it should 

have the greatest possible value of ^ But high permeability in sifiall 

fields, say less than 0-5 gauss, is clearly essential, and the methods of heat 
treatment employed have been those found most effective in producing 



476 E. P. Harrison, G. L. Turney, H. Rowe, and H. Gollop 

this property. The actual value of the permeability developed in a given 
wire depends in detail not only on the heat treatment, which must be 
found by experiment for each particular “ wire draw " made from an 
ingot, but also on the strain history and annealing history during the 
wire drawing and its antecedent physical processes. 

It is not proposed here to discuss in detail the effects either of com- 
position or of strain history; but it is necessary to emphasize the great 
importance of preventing oxidation. In the present experiments, owing 
to the small diameter of the specimens, the question of oxidation becomes 
particularly important, and its prevention imperative. Various ways of 
avoiding oxidation have been tried, and the results combine to show that 
heat treatment should be carried out in an atmosphere of hydrogen, 
either under high pressure or at atmospheric pressure. In order to 
develop the highest permeability, it was found to be definitely advan- 
tageous to take precautions against oxidation, not only during the main 
heat treatment but during the wire drawing process itself, by performing 
the intermediate annealings in hydrogen during drawing. As regards the 
final heat treatments, the heating of the drawn wires for a considerable 
length of time in hydrogen does more, of course, than merely prevent 
oxidation : it completes the reduction of any oxide still remaining included 
in the wire after the drawing. 

Although many wires showing unusually high values of mean per- 
meability over ranges of field from 0*4 to 0-5 gauss have been obtained 
after heating in hydrogen under pressures of 60 lb. per sq. in. (above 
atmospheric pressure), the present experiments give no direct evidence 
either for or against the theory proposed by Cioffi* that hydrogen, 
mechanically retained in the cooled metal, is itself a contributory cause of 
exceptionally high initial permeability. 

The method of experiment eventually developed for finding the best 
heat treatment for samples taken from a batch of wires drawn from one 
particular ingot consists in varying separately the maximum temperature 
to which the sample is heated and the length of time it is held at that 
temperature. Additional variation is caused by a second or even a third 
heat treatment to the top temperature. The rate of cooling was some- 
times controlled and sometimes that of the furnace itself— but in all 
cases kept the same when the other variables were altered. 

For the binary alloys— 78-5% Ni. 21*5% Fe (the original permalloy) 
the heat treatment recommended by Arnold and Elmant has been found 

• aofB, ‘ Nature,’ vol. 126, p. 200 (9 August, 1930). 

t Arnold and Elman, ‘ J. Franklin Instn.,' vol. 19S, p. 621 (1923). 
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to be the best The treatment most likely to be successful with alloys 
containing copper and chromium, “ Mumetal ” for instance, is to heat to 
1200° C. for several hours and cool slowly with the furnace. It has often 
been found that a second heating exactly repeating the first materially 
improved the permeability value of a wire. 

The general conclusions reached, as to heat treatment of fine wires of 
the more complex alloys in which copper and chromium are present, are 
(i) that special precautions against oxidation must be taken during the wire 
drawing process as well as during the main heating and that the latter 
must be done in hydrogen, not only to prevent fresh oxidation but to 
reduce the oxide already in the wire ; (ii) that, in general, high permeability 
is favoured by the highest annealing temperatures and slow cooling. The 
effect of short or long exposure to the top temperature remains in doubt. 

It has become plain from a large series of measurements of |x in fields 
of 0*2 gauss made on wires prepared in the way described that a specified 
heat-treatment applied to individual wires of batch can never be guaranteed 
to produce the highest value of (i. The results as regards success are 
analogous to those observed in metal crystal growing: the element of 
chance plays an important part. 

When we proceed to examine the “ sensitivity ”, as defined on p. 474, 
of wires in which the appropriate heat treatment has produced high 
values of permeability, we find a further uncertainty. Although there is a 
fairly strong correlation between the permeability and the sensitivity of a 
wire over a given range of fields, we have found that their inter-dependence 
is far from complete, as is shown by the following experiments. 

From several batches of wires, each of 26 S.W.G. and 23 cm. long, of 
the same composition and subjected to various heat treatments, fifteen 
wires were selected by a rough ballistic test to fall into a graded series as 
regards their permeability in a field of 0*2 gauss. The sensitivity 

S ^ of each wire was then measured between 0*2 and 0*3 gauss 

(where the R-H curve is steepest for wires of this dimension ratio), and 
the B-H curve of each wire determined ballistically over the range 
0-0'S gauss. From the latter the values of (x in any field were deduced, 
being defined as the ratio B/H, where H is the external field, and denoting, 
therefore, the effective permeability in a wire of given dimension ratio. 
The values of S and those of |x in fields between 0*2 and 0*3 gauss were 
found to be fairly well correlated, but the relation between the two 
quantities is far from perfect. 

An investigation was therefore made of the frequency distribution 
of the coefficient S among a large number of wires, all similarly annealed 
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in batches of SO at a time, and selected so that their |ji values fell within a 
specified narrow range. 

The result of two such experiments with separate batches of 340 and 
166 wires was to show that the distribution of the values of the coefficient 
amongst them was governed by the laws of probability. The standard 
deviation was roughly 10% of the mean value of S. 

This is not a very surprising result, since by fixing the permeability of 
a wire for a single value of field we merely fix one point on its B-H 
curve. Theory shows that the impedance of the wire depends upon the 
form of the complete hysteresis loop over a given range of field, so that 
the frequency distribution of S infficates little more than the possible 
variations of a hysteresis loop which passes through a single given point. 
The magnitude of the standard deviation is, however, noteworthy. 

To sum up the conclusions as regards heat treatment, we may say that 
while it is a necessary condition of the production of wires of high S 
value that they should be so annealed as to be endowed with high per- 
meability in the same field, this condition is not sufficient, and ensures 
only a certain probability of high S. 

In conclusion, the authors wish to express their indebtedness to Mr. S. 
Butterworth foi help and suggestions in the theoretical treatment, and to 
the Admiralty for permission to publish this paper. 

VIIl— Summary and Conclusion 

The variations of the effective resistance and inductance of nickel-iron 
wires of high permeability have been investigated when the wires are 
supplied with alternating current of varying frequency and amplitude. 
It has also been discovered that large changes in effective resistance occur 
when external longitudinal fields are applied to the wire. In order to 
explain the experimental results, the classical theory of alternating-current 
conduction has been extended to take account of the hysteresis property 
of ferro-magnetics, but to render the equations soluble, it is necessary to 
assume a constant value of permeability over the cross-section of the wire, 
whereas actually the permeability varies from the axis to the circum- 
ference. While the experimental results are generally in accordance with 
theory, it has not been found possible to obtain numerical correlation 
between the magnetic properties of a wire deduced from the impedance 
measurements and those measured by direct magnetic methods. Still 
less is it possible to predict the A.C. resistance or inductance of a wire from 
its measured magnetic properties. 
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In a suitably heat-treated wire the change of a.c. resistance caused by 
the application of small longitudinal fields, of the order of that of the 
earth, is so large as to suggest the use of the effect in the measurement or 
detection of small changes of magnetic field. The heat-treatment required 
to produce the maximum effect depends upon the composition and strain 
history of the wire, and must be found by experiment. While no detailed 
general rules can be laid down, annealing in an atmosphere of hydrogen 
is always an essential. Even when the best treatment for any particular 
sample has been determined, there is no certainty that it will be effective 
in producing a high resistance-field sensitivity in any individual wire, for 
the sensitivity coefficients of a large number of similar wires, similarly 
annealed, are found to be distributed over a wide range of values, approxi- 
mately according to the probability law. 
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Photochemical Reactions in the Fluorite Region 
I — Photochemical Decomposition of Ethylene 
By R. D, McDonald and R. G. W. Norrish, F.R.S. 

(Received 3 July, 1936) 

Studies of the photochemical decomposition of carbonyl compounds 
have shown the importance of investigations on homologous compounds 
as evidence for the mechanisms of the primary photochemical processes 
in the individual substances. It seemed of interest, therefore, to under- 
take a similar study of a number of hydrocarbons. With these somewhat 
more stable compounds, it is important to be able to extend the investiga- 
tions beyond the wave-length limits arbitranly imposed by the use of 
quartz apparatus to include the shorter wave-lengths transmitted by 
fluorite. For this purpose a special apparatus has been developed. 

In the interpretation of results a knowledge of the absorption spectrum 
of the hydrocarbon concerned is of great assistance, and it seemed 
advisable, therefore, in the first instance to concentrate on the simpler 
hydrocarbons, the spectra of which had been measured. In the case of 
ethylene, which is the subject of the investigation reported here, such 
measurements have been made by Price* and by Hiigendorff.t 

That ethylene is polymerized by the action of ultra-violet light has 
been known for some time.f More recently, interest in the reactions of 
atomic hydrogen has led to careful investigations of its action on ethylene 
and of the hydrogen-ethylene reaction sensitized by mercury vapour.§ 
In these experiments the ethylene pressures were of the order of hundreds 
of millimetres. The results showed that the reaction was not simply a 
hydrogenation of the ethylene to ethane, although that was the pre- 
dominant process, especially when there was a large excess of free 
hydrogen. 

Thus, Kelmenc and Patat found that in the first stages of the illumina- 
tion appreciable quantities of acetylene were formed. When the atomic 

^ ‘ Phys. Rev.,’ vol. 47, p. 444 (1935). 

t ‘ Z. Physik,’ vol. 95, p. 781 (1935). 

(Berthelot and Oaudechon, ‘C.R. Acad Sci. Paris,’ vol. 150, p. 1169 (1910); 
Landau. Itid., vol. 155, p. 403 (1910). 

§ Taylor and Bates, ‘ J. Amer. chem. Soc.,’ vol. 49, p. 2438 (1927); Olson and 
Meyers, iMd., vol. 48, p. 389 (1926); vol. 49. p. 3131 (1927); Taylor and Hill. 0^., 
vol. 51. p. 2922 (1929); ’ Z. phys. Chem.,’ B, vol. 2, p. 449 (1929); Bonho^ and 
Harteck, * Z. phys. Chem.,’ k, vol. 139, p. 64 (1928); Ktomenc and Paut, ‘ Z. phys. 
Chem.,’ B, vol. 3, p. 289 (1929). 
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hydrogen was prepared by Wood’s method rather than by the resonance 
method a similar result was obtained, and it was concluded that the 
hydrogen atoms could dehydrogenate as well as hydrogenate the ethylene. 
It was also observed that the polymerization of ethylene by light in the 
absence of hydrogen, if not entirely dependent on, was at least greatly 
catalysed by the presence of mercury vapour. Concurrent with this 
polymerization there was a decomposition of the ethylene into hydrogen 
and acetylene, a reaction which, as far as they were able to ascertain, was 
independent of mercury. 

Taylor and Hill’s results were somewhat similar, though they ascribe 
the formation of acetylene to collisions of excited mercury atoms with 
ethylene molecules. The detailed mechanism which they suggest can 
account for the formation of the higher hydrocarbons which have been 
detected. 

In all these investigations a mercury arc was used as the light source. 
Mooney and Ludlam* found that ethylene did not appreciably absorb 
light of wave-lengths longer than 213 (X(a and pointed out that it was not 
to be expected, therefore, that the longer wave-lengths previously used 
would lead directly to reaction. By using a condensed aluminium spark 
which gave strong emission at 186 ii|x, they were able to show that 
acetylene was formed from ethylene even in the absence of mercury. 

More recently, Taylor and Emel6ust found that ethylene alone was 
polymerized by li^t from a mercury arc under conditions where a 
mercury sensitized reaction was impossible, and concluded that this 
must be a direct polymerization following the absorption by the ethylene 
of light of wave-length near the lower limit of transmission of the quartz. 

The use of the shorter wave-lengths transmitted by fluorite in the 
present work has enabled us to study the reaction produced by direct 
absorption. Since absorption at such wave-lengths is very strong, low 
pressives were used. This should reduce complications due to secondary 
reactions. 


Experimental Method 

The apparatus which was developed for this series of investigations 
is shown in fig. 1. The light source was the water-jacketed pyrex hydro- 
gen lamp, B, which operated at 2000 volts and, usually, 1 ampere. At the 
one end the lamp extended for some distance beyond the electrode and 
was closed at C by a glass plate with a hole cut in its centre. A fluorite 

* * Train. Faraday Soc.,’ vol. 25, p. 442 (1929). 
t ‘ J. Amer. chem. Soc.,’ vol. 53, pp. 562, 3370 (1931). 
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plate was sealed over this hole with piceine. The extension on the lamp 
was of uniform tubing, so that a fluorite lens in its supporting carriage 
could be moved along it in order to focus the light at any desired point 
in the reaction system, but the lens was not used in the present investiga- 
tion and is omitted from the figure. At D was a ground joint which 
could be water cooled if desired, and the quartz reaction chamber, E, 
fitted over this. Plane windows parallel to and at right angles to the 
path of the hght made it possible to photograph the original beam and the 
fluorescence, if any. Pressures were measured on the McLeod gauge, F, 



which was in effect a double one so that a wide range of pressures might 
be covered. The tubing at G could be cooled in carbon dioxide-ether 
in order to trap mercury vapour. 

Ethylene from a steel cylinder was condensed in H and fractionated, 
the middle third being stored in the bulb, J, which was connected to a 
mercury manometer. The small amounts required for each experiment 
were taken out in the capillary, K, and thence admitted to the system. 
Condensable gases could be removed at any time by cooling the side 
tube, L, in the appropriate refrigerant. 

Experimental Results 

Production of Hydrogen— PtfAmaxary experiments showed that with 
this arrangonent the rapid decrease in pressure characteristic of the 
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mercury sensitized reaction did not occur. Even after several hours’ 
illumination, the pressure usually remained at its initial value, and when 
a decrease was recorded it only amounted to a very few per cent. How- 
ever, when runs were made in which the side tube of the reaction system 
was cooled in liquid nitrogen at intervals, usually of one hour, and the 
pressure measured after equilibrium was established, it was found that a 
non-condensable gas was formed. The results of six of these runs are 
shown in fig. 2 in which the pressure of permanent gas is plotted against 
the time. That this gas was hydrogen was shown by experiments in 
which the side tube was cooled in liquid hydrogen. The additional drop 
in pressure which this caused was almost exactly equal to the vapour 



pressure of the ethylene at liquid nitrogen temperature as given by the 
blank at the beginning of the runs. 

In the runs at the two lowest pressures, the total pressure in the syston 
was no longer constant but increased somewhat. In the run at 0-027S 
mm. this increase was equal, within the experimental error, to the pressure 
of the hydrogen formed. 

Effect of Pressure — Direct evidence for the formation of a polymer was 
obtained when experiments were made at higher pressures. Successive 
experiments imder apparently identical conditions showed decreasing 
rates, presumably due to a decrease in light transmission because of a 
film of pmlymer on the fiuorite window. In accordance with this, when 
the apparatus was taken apart and the front surface of the window wiped 
with ether, subsequent runs showed an increase in rate of several hundred 
per cent. This is illustrated in the difference between the rates in runs 
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19 and 20 in Table I. The fact that the rate in run 20 is greater than that 
in run 11 is of no significance since the window had not been deaned 
after the preliminary runs. For this reason it was almost impossible to 
obtain an accurate measurement of the effect of the initial pressure on the 
rate, but the results which are given in Table I, where the order in which 
the experiments were carried out can be seen, and which are plotted in 


I— EtFECT OF Pressure on Rate 
Rate Run No. 

0 0025 — 


Table 

Run No. Pe,H, 

14 0 0275 

15 0 065 

12 0 135 

13 0-290 

18 0-465 

11 0-515 

19 0-99 

16 2-36 

17 15-8 


0-0040 22 
0-0075 20 
0 0105 21 
0-0115 — 
0-0140 24 
0 0105 25 
0-0140 26 
0 0120 — 


Pc.u, Rate 


0-070 0-0105 
0 475 0-0355 
0-82 0-0405 

0-82 0 0225 
2-18 0-0260 
4-97 0-0240 



n . 

V''- , , 1 

L_I 1 


P , , ■ ■ ■ // I . I 

0 1 0 20 40 50 

Pressure mm. 

Fro. 3. 


fig. 3, show clearly enough the general nature of the relation. Rates are 
given in mm. of hydrogen formed in the first hour. The results really 
form three distinct series and are treated as such. 

Before run 18, the McLeod gauge was shut off from the reaction system 
and the U-tube between it and the system cooled in liquid air over night 
in order to remove any mercury vapour. During the run the trap was 
cooled in carbon dioxide-ether so tiiat no mercury vapour could enter 
from the gauge. Since, however, the rate conforms closely to the results 
represented in curve 1, the reaction must be independent of mercury. 

Between runs 18 and 19 the window was cleaned with ether as desqibed 
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above. Subsequent experiments, 19, 20, and 21, show a much greater 
velocity (curve 2). In run 20 a layer of copper oxide was placed in the 
reaction chamber in an attempt to detect atomic hydrogen. Since the 
rate of formation of hydrogen was satisfactorily in accord with that of 
the next two experiments the result is a negative one, but not necessarily 
conclusive. Another attempt to detect hydrogen atoms was made in run 
23 in which oxygen was added, but the result was again negative, hydrogen 
being produced at much the same rate as would have been expected had 
no oxygen been present. 

Taken together, the three series of results indicate a rate of production 
of hydrogen proportional to the ethylene pressure when that is low, be- 
coming less dependent on it as it increases and Anally reaching a constant 
value. This is what would be expected if absorption were incomplete at 
the low pressures, becoming complete at the higher pressures. 

Condensable Products — Since hydrogen is a product of the reaction, 
the formation of acetylene might also be expected. However, it is 
known that acetylene can be rapidly polymerized by ultra-violet light,* 
so that It was possible that it might be removed almost as quickly as it 
was formed. Therefore, a few measurements were made using acetylene- 
taken from a cylinder and carefully purified — ^under conditions similar 
to those used with ethylene. It was found that, though a measurable 
decrease in pressure did occur, this was so slow as to make it very doubt- 
ful whether acetylene, at the low pressures at which it would occur in the 
work with ethylene, would be appreciably polymerized. Pressure 
measurements with the side tube cooled in liquid air indicated that a 
very small but definite amount of non-condensable gas was formed from 
the acetylene. 

The amounts of gas concerned in reactions at these low pressures are 
so very small that it is quite impractical to determine the products by any 
modification of direct gas analysis. However, some information may be 
obtained by determining the temperatures at which they pass into the 
gas phase. This method has been applied to ethylene. Unfortunately, 
no vapour pressure measurements have been made on the hydrocarbons, 
in the pressure range which is involved here, and it was therefore neces- 
sary to obtain approximations by the extrapolation of vapour pressure 
equations considerably below the limits for which they were developed. 

As liquid nitrogen condenses everything except the hydrogen and a 
small amount of ethylene {ca. 0-002 mm.), it seemed possible that a 

• lind and Livingston, ‘ J. Amer. cbem. Soc.,’ vol. 54, p. 94 (1932); vol. 56, p.l550 
(1934). 
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refrigerant at a slightly higher temperature might permit the evaporation 
of the ethylene while keeping the hydrocarbon pr(^ucts, if any, from the 
gas phase. Liquid oxygen, however, is not suitable unless the ethylene 
pressure is of the order of 0*03 mm., which is too low for convenient 
working. By using petrol ether cooled by liquid nitrogen to about 
— 170“ and bringing it to the same temperature, as measured by a thermo- 
couple, before each reading, the results given in Table II were obtained. 
Here P* represents the pressure of condensable gas. 

Table II— Condensable Products 

No. Pi.M. Ph, P, No. Pf,H. Pu. P. 

34 0 195 0 017 0 041 ( 0 012 0 027 

35 0 20 0 021 0 044 1 0 022 0 060 

( 0 011 0 020 I 0 040 0 110 

36 0 20 ] 0*020 0 047 I 0 055 0 145 

( 0 027 0 064 40 0 07 0 008 0 014 

39 0 30 0*025 0 066 41 0 32 0 019 0 049 

This was obtained as the difference between the pressure with the side 
tube cooled in the petrol cther-mtrogen bath and the total pressure, due 
allowance being made for the effect of cooling alone. All pressures are 
given in millimetres. In runs 36 and 37 readings were taken at intervals 
during the course of the runs, in the remaining cases hnal readings only 
were taken . I n the majority of the runs, where the total pressure remained 
constant, the ethylene which had reacted is necessarily given by the sum of 
the hydrogen and the condensable gas formed. It is apparent from the 
table that the latter was generally from two to three times the former. 

In runs 37, 39, and 40 the cooling mixture was allowed to warm slowly 
and the changes in pressure measured. In this way a further separation 
was obtained. After increasing regularly up to —160°, the pressure 
remained constant until —140° was reached. The remainder of the 
condensable product then evaporated over the next 10° interval. The 
amounts of the two fractions were : — 


Run 

-170° to -160° 

-140° to -130' 

37 

0*089 

(0*056) 

39 

0*050 

0*016 

40 

0*041 

0*008 


In run 37 a breakage after reaching —150° stopped the experiment, 
the second fraction is therefore obtained by difference. In run 40 the 
quantity of this second fraction is only about twice the experimental 
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error, so the ratio of the two fractions is not of great significance. How- 
ever, the first is always very definitely the greater of the two. 

Because of the uncertainties in the vapour pressures, as mentioned 
above, it is impossible to deduce the composition of each of these frac- 
tions. However, from the vapour pressure equations it would appear 
that, at the pressures concerned, all hydrocarbons with three or less 
carbon atoms would evaporate on warming up to —160°. The first 
fraction may therefore be rather complex, though on other grounds it 
seems likely that acetylene would be its chief constituent. The butanes 
would, however, have vapour pressures of the required magnitude at 
— 140° to —130° and may possibly form the second fraction. 

Discussion 

HilgendorfT (loc. cit.) states that the absorption spectrum of ethylene 
consists of a number of diffuse main bands and a series of sharp secondary 
bands. In discussing the former, he writes: “Probably the ethylene 
molecule breaks down here into the two halves CHj. This breakdown 
is certainly to be expected since a dissociation at 1750 A. corresponds to 
a heat of dissociation of 158-6 Cal. /mol. This value also corresponds 
very well to the chemical data for the breaking of the C- -C double bond 
(162 Cal./mol). This observation agrees with Price’s short communica- 
tion* that the spectrum of ethylene in the Schumann region is very 
highly diffuse and that at 1750 A. continuous absorption sets in.” In 
his paper referred to here, Price also speaks of the ethylene breaking 
down into CHi radicals and, while no mention of that is made in the 
more detailed paper referred to in the introduction, there is nothing 
there to rule out this possibility. 

It is natural, therefore, to attempt an explanation of the present 
results on the basis of such a decomposition. Certainly the primary 
formation of CH, radicals can conveniently explain a polymerization, 
for these might reasonably be expected to give, on reaction with ethylene, 
at least some long chain hydrocarbons. 

The formation of hydrogen is not so easy to explain, for its rate is 
greatest in the early stages of the reaction and it cannot, therefore, be 
due to the photodecomposition of any intermediate substance. If the 
primary process be the formation of CH| radicals we must conclude, 
then, that hydrogen is formed by the reaction 

CH, + CH, — ► CH=CH + Hj. (1) 

• ‘ Hiys. Rev.,’ vol. 45, p. 843 (1934). 
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This is certainly possible on energy grounds, but it would seem much 
more probable for the CH^ radicals, once separated, to collide and react 
with ethylene molecules rather than with other CH, radicals. 

As alternative primary processes, the following, the second of which 
had been suggested previously by Mooney and Ludlam {loc. cit.), may 
be considered; 


QH*— C,H3+H 

(2) 

C,H4- 

C,H, + H + H 

(3) 

C,H4 — . C,H, + H*. 

(4) 


All of these are energetically possible, while (3) has the advantage that 
the energy which it requires, 145,000 cals, (using heats of formation from 
the International Critical Tables), corresponds to the absorption of light 
of wave-length 196 which is near the threshold of strong absorption 
in ethylene. The fact that no hydrogen atoms were detected with either 
copper oxide or oxygen is explained if the hydrogenation of ethylene 
takes place readily enough to remove the hydrogen atoms before they 
can react with cither of these substances. 

Moreover, the present experimental results can be explained if reactions 
(3) and (4) occur simultaneously and to about the same extent. The 
hydrogen atoms from (3) nuiy react with other ethylene molecules to give 
C«H, radicals, which may ^ further hydrogenated to ethane or may 
combine to give butane. The overall reaction resulting from the decom- 
position of one ethylene molecule according to this scheme could then be 
represented as made up of the processes: 

2C,H4— C,H, + CaHa 
and 

3C,H4 -- C,H, + C«H,o. 

With another ethylene molecule reacting according to (4), the total 
result would lie between 


and 


3C,H4 — > 2C,H, + C,H, + H, 
4C,H4— 2C,H, + C 4 HX 0 + H,. 


These equations would require a condensable product three limes as 
great as the hydrogen and consisting of two fractions, the more volatile 
one considerably greater than the other. The total pressure change 
would be small and, when allowance was made for the formation of a 
higher polymer, would be still further reduced. All these points are in 
satisfactory agreement with the experimental results. 



Photochemical Reactions in the Fluorite Region 489 

It may be that processes (3) and (4) are really cne same, that is, that on 
the absorption of the light the molecule loses two of its hydrogen atoms. 
Whether these separate as such, or as molecular hydrogen, may depend 
on a probability factor, which in turn is determined by factors such as 
the wave-length of the light absorbed. 

However, with illumination by light of a wide range of wave-lengths 
the assumption of two or more primary processes is not unreasonable. 
For the present, therefore, we are inclined to accept this sequence of 
reactions as a tentative explanation of the results reported here. 

It is hoped in subsequent work to control the wave-lengths transmitted, 
by the use of appropriate filters, and so to determine to what extent the 
different products are formed independently. 

The authors vwsh to express their thanks to the Royal Society of Canada 
for a maintenance grant to the one of them (R. D. McD.) and to the 
Royal Society for an apparatus grant. 

Summary 

Light from a hydrogen lamp is passed directly through a fluorite 
window into ethylene at pressures mostly below one millimetre. The 
total pressure never varies by more than a few per cent., although a 
polymer is deposited on the window, and hydrogen as well as a con- 
densable gas is formed. The latter can be separated into two fractions, 
one of which evaporates at —170® to —160°, the other at —140° to 
— 1 30° at the low pressures involved. The variation of the rate of hydrogen 
formation with the ethylene pressure is such as to indicate that the light 
is not completely absorbed at the lowest pressures used. Possible 
mechanisms for the reaction are discussed. 
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Self-Consistent Field, with Exchange, for Cu^ 

By D. R. Hartree, F.R.S., and W. Hartree 
{Received 8 July, 1936) 

1 —Introduction 

Solutions of Fock’s equations* for the self-consistent field of a many- 
electron atom, including exchange effects, have already been carried out 
for several atoms by Fock and Petrashenf and the present authors, f The 
heaviest atom for which results of such calculations have previously been 
published is Cl ; Cu+ was selected as the next atom for which to attempt 
the solution of Fock’s equations, for the following reasons. As already 
pointed out in Paper IV, the results of the solution of Fock’s equations 
are most interesting for atoms for which exchange effects are large; the 
self-consistent field without exchange, which is an almost necessary 
preliminary to the solution of Fock’s equation, had already been worked 
out for Cu^§ and from this work it was known that the (3</)“ group of 
Cu+ is very sensitive to the atomic field, so that it is likely to be con- 
siderably affected by the inclusion of exchange terms in the equations. 
Further, in view of the interest of Cu from the point of view of metal 
theory, II it is desirable to have as good wave functions for Cu+ as possible, 
particularly for the outer groups, which arc those likely to be most 
affected by the inclusion of exchange terms in the equation from which 
they arc determined. 

The number of radial wave functions involved in the normal ,con- 
figuration of Cu+ is perhaps almost the largest for which a complete 
solution of Fock’s equations is practicable, for the following reason. 

In the self-consistent field without exchange, the addition of one extra 
{nl) group to any configuration simply increases by one the number of 
functions 2 (2/ + 1) Z® {nl, nl\r), giving (when divided by r*) the con- 
tributions to the field from the different groups, which have to be esti- 
mated and adjusted by trial till the final functions, calculated from the 
solutions of the equations, agree with the estimates. And although this 

• • Z. Physik,' vol. 61, p. 126 (1930). 

t ‘ Phy». Z. Sowjet.,’ vol. 6, p. 368 (1934); vol. 8. p. 547 (1935). 

t • Proc. Roy. Soc.,’ A, vol. 150, p. 9 (1935); vol. 154, p. 588 (1936) ; vol. 156, p. 45 
(1936). These will be refereed to as II, III, and IV. 

J D. R. Hartree, ‘ Proc. Roy. Soc.,' A, vol. 141, p. 282 (1933). This will be refmed 
to as I. 

II See, for example, Fuchs, ‘ Proc. Roy. Soc.,’ A, vol. 151, p. 585 (1935). 
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increase of one in the number of functions to be adjusted, together with 
the addition to the number of equations to be solved, and possible 
decreases of length of the steps of the numerical integration, increases 
the amount of work to be done to obtain a solution of the equations of 
the self-consistent held, it does not increase it to an overwhelming extent ; 
and it has been found practicable to carry out calculations of the self- 
consistent held, without exchange, for atoms as heavy as Hg, with 14 
groups. 

But when exchange terms are included in the equations, there are 
introduced a number of other Z functions all of which have to be estimated 
and adjusted similarly, both functions involving two different groups, 
Zj(n/, «7'|r), which may be called “non-diagonal” functions, and 
functions Z* («/, nl\r) involving a single group, but with k which, 
with the corresponding functions with k --- 0, may be called “ diagonal ” 
functions. The addition of a (Sd)'" group to an argon-like conhguration 
increases the number of Z* functions by no less than 10, so that for the 
normal configuration of Cu+, with exchange, there are altogether 28 such 
functions, or already twice as many as for Hg without exchange. The 
further addition of the {As)* and {Apf groups to form the normal con- 
figuration of Kr would further increase the number of functions by 22, 
and the complete solution of Fock’s equations would probably be so 
lengthy as to be impracticable. 

^ides being somewhat heavy on account of the large number of Z 
functions involved, the work of solving Fock’s equations for Cu+ was made 
particularly tricky by the extreme sensitiveness of the group, 

already mentioned. This sensitiveness is not due to a very small value 
of the energy parameter c (as it is for the (3p)* group of Cl '), so much as 
to the large range over which the attractive force on a d electron due to the 
atomic field is not much larger than the centrifugal force, so that a small 
change in the atomic field gives a large proportional change in the net 
force on the electron. Consequently the effect of the exchange terms in 
lessening the sensitiveness of the outermost group, already noted in the 
case of the (3p)* group of Cl~, is not so pronounced in the case of the 
(Sd)**’ group of Cu+. 

However, the calculations have been carried to a successful conclusion, 
and the results arc given in the present paper. 

2 — Fock’s Equations for Cu+, and Method of Solution 

General formulae and tables for enabling Fock’s equations to be 
written down directly for any configuration consisting of complete groups 
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only have already been given in a previous paper.* Typical equations 
for the normal configuration of Cu+, namely those for the (3 j), (3p), and 
(34) radial wave functions, are given here for reference, viz. : 

^ {T + 2 - 2 (1 - Yo (3*, 3i))} ~ (3.) 

|| Yo (w. 35) - P„ (ns) 

+ ? [^1: Y, (3j. np) Pn (np) + Y, (35, 34) P^ (34)] - 0 (1) 

; {T + 2 - 2(1 - Y„(3p. 3p)) + J Y,(3p. 3/>)} - e„. ,, - 1 J P^ (3p) 

+ 1 S Yi(/J5,3p)Pk(«5) 

3r , 1-1 

+ [I {2Y„ (2p, 3p) + JY. (2p, 3p)} - c,p. »,] P^ (2p) 

+ i l|Yi (3/7, 34) + ?Y, (3p, 34)1 Ps (34) = 0 (2) 

[^ + 7 {T + 2 - 2(1 - Y,(34. 34) + 4(Y,(34, 34,.+ Y^iH 34)) 

- ««.« - yt\ Pn (34) + i Y, (ns, 34) P« (n5) 

+ 1 {iYi (/ip, 34) + ^ Y, (np, 34)} Pi,(np) = 0, (3) 

where T is the total 2Z, for the whole atom, namely 
T = 2N - S., 4 (2/ + 1) Yo (nl, nl) 

= S„, 4 (21 + 1) [1 - Yo (nl, nl)] + 2C, (4) 

where C is the total charge of the atomic system under consideration 
(C = 1 for Cu+), and the notation is that of the writers’ previous papers.t 
The general method adopted for the solution of these equations was 
the same as that used for Q' and already explained in IV. Briefly, the 
relevant functions r* (nl, riV\r) are first estimated, and corre^nding 

• IV, formula# (12H14) and Table 1. 

t See particularly HI and IV. As explained in IV, in the numerical work it is mare 
convenient to work with (1 — Y« (nl, ni) ) than with Y* (nl, nl), and formulae (l)-(4) 
have been written in the form in wfakfa they are actually used in the numerical wo^. 
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functions i* (nl, n'/'|r) calculated from them by integration of the 
equation 

I Y, ini, nr\r)] = [r* Y* («/. «'/» - r» Z, (nl, n'/'|r)]. (5) 

The equations for the radial wave functions, of which (1H3) are 
specimens, are then solved with these Y* functions, the conditions of 
orthogonality and normalization being satisfied by suitable choice of 
initial values of each Pn (n/)/r'+‘ and of the non-diagonal parameters 
These non-diagonal parameters are then reduced to zero by 
suitable linear transformations of the corresponding radial wave functions 
Pk (nl) ; “ final *’ functions are then calculated from the transformed 
radial wave functions and are compared with the estimated functions. 
These estimates are then adjusted until the final calculated functions 
agree with the estimated functions. As already mentioned, for Cu+ 
there are altogether 28 such Z,, functions to be estimated, calculated, and 
adjusted. 

For (3d), inward integration of the equation for y) = — ^(logP) 

was used for large r, over the range for which exchange terms are negligible, 
For the other wave functions, outward integration of the equation for 
P was used over the whole range. 

On account of the sensitiveness of the (3dy° group, a special order of 
procedure had to be adopted for this atom. For each trial set of Z^ 
functions not involving (3d), two calculations of the (3d) radial wave 
function were made; first a set of estimates of the Z^ functions involving 
(3d) were made, and equation (3) solved for Pm (3d) ; then the estimates 
of 10 [1 — Zo (id, 3d)], Z, (3d, 3d), and Z^ (3d, 3d) were revised, and 
equation (3) solved again ; the solution and corresponding Y^ functions 
were then used in the exchange terms in the equations such as (1) and (2) 
for the other wave functions. Early in the work, it appeared that for the 
second of these calculations, a good approximation to 10[1 — Zo(3d, 3d)] 
was given by taking one-third of the way between the estimated and 
final values for the first of the calculations; this empirical rule was 
remarkably successful in reducing the maximum discrepancy between 
estimated and calculated values of this function,* and was a great help 
in hastening the convergence to a self-consistent set of Z^ and Pn func- 

* It has also been found veiy cfTective in the case of the group of Au, for 
sdiidi calculations of the self-consistent field, without exchange, are in progreis. It 

may apply somewhat generally to the highly smsitive Ou/)** groups of atoms following 
the transition metals. 
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tions. The estimates of the functions Z* (3d, 3d), (k — 1, 4) were 
usually derived from those of Zq {3d, 3d) by use of the general relation 

r* Zj (nl, n7'|r) = dZ^ (nl, n'r\r^, ( 6 ) 

and not made independently.* 

The initial estimates of the functions Z^ (nl, n’l'\r) not involving (3d) 
were obtained by taking the corresponding functions calculated from the 
results of the self-consistent field without exchange, and modifying them 
by estimates of the effects of exchange terms, based on the corresponding 
effects for Cl“ already calculated. In particular the estimates of the 
Zq (nl, n'l) functions were adjusted so as to tend to 0 as r oo, as recom- 
mended in IV as a result of experience of the work on Cl~. 

For the Z* functions involving (3d), there were no results of previous 
calculations to serve as a basis for the effects of exchange terms. For the 
non-diagonal functions, the results of the self-consistent field without 
exchange were taken without modification ; for 10 [1 - Z^ (3d, 3d | r)] a 
guess was made of the effect of exchange terms, by taking the change of Zq 
to be the same function of Zq as for the (3p) group of Cl“ ; estimates of 
Zt (3d, 3d\r) and Z 4 (3d, 3d\r) were calculated from the estimated 
10 [I — Zq (3d, 3d|r)] by ( 6 ). This guess, though not good, was for- 
tunately better than nothing ; even so, the result of this first estimate was 
that the maximum difference between the estimated and final values of 
10 [1 — Zg (3d, 3d\r)\ was as much as 1*5, and the estimated and final 
values of Lt r*Z^ (3d, 3d\r), which is particularly sensitive to the 

behaviour of the wave function at large r, differed by a factor of about 
3J. For the second estimate, these differences were about half as great, 
in the opposite direction ; for the third, the maximum difference between 
estimated and final values of 10 [1 — Z^(3d, 3d\r)\ was reduced to 
0-17, thanks to the method of revising the estimates of this quantity 
already mentioned, and the estimated and final values of 

Lt r*Zt(3d,3d\r) 

differed by only 20%. At this stage the first solutions of the equations 
for (3s) and (3p) were carried out. 

Altogether eight stages of approximation have been made, four of 
these being concerned with (3d) only. In the final approximation, the 

* Since Z« is specified at equal intervals of ri, not vice versa, this formula is not 
suitable for the accurate evaluation of Zt. but it is convenient for estimating either 2^ 
itself or the variation of Zt corresponding to a variation of Z*. 
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maximum difference between estimated and final values of 
10 [l-Zo(3rf,3d|r)] 

is 0-01, which is as good as the agreement obtained in the calculations of 
the self-consistent field without exchange; for the other functions 
2(2/+ 1)[1 — Zo(n/, «/]/•)] the corresponding maximum difference is 
0 00*. 

There is one general comment to be made on the work as a whole. 
It might seem at first sight that the work of solving Fock’s equations is a 
very suitable field for the application of mechanical means of integrating 
differential equations, such as are provided by the differential analyzer of 
Bush,* which has already been used on calculations of the self-consistent 
field without exchange.! But the experience of the present work and 
that on Cl~ suggests that the scope of the differential analyzer here is not 
so great as appears at first sight. 

The calculations involved in the evaluation of the self-consistent field 
of an atom, either with or without exchange, fall into two groups; firstly 
the numerical integration of the equations such as (l) -(3) for the radial 
wave functions, with given values of the functions and parameters 
occurring in them, and secondly the evaluation of the Z*, Y* functions 
and of the exchange terms (if any), and subsidiary calculations such as 
interpolations to satisfy the conditions of orthogonality and normaliza- 
tion, and transformations to eliminate the non-diagonal parameters. In 
the calculation of a self-consistent field without exchange, the second 
group is comparatively small and light, as there are only the diagonal 
Zq, Yo functions to consider, no exchange terms and no orthogonality 
conditions or transformations. But in the solution of Fock's equation 
these calculations in the second group take up much the greater part of 
the time, and are the most tedious part of the whole work and the most 
dilficult to check ; the first group of calculations, consisting of the actual 
numerical integration of the equations for the radial wave functions, is a 
comparatively small part of the whole work, and is the most pleasant and 
interesting part of it to carry out. 

This first group of calculations is the only part of the work for which the 
differential analyzer would probably be used in practice, unless a machine 
were built of sufficient capacity to handle Fock’s equations on the lines of 

• • J. Franklin Inst.,’ vol. 212, p. 447 (1931); D. R. Hartrec, ‘ Nature,’ vol. 135, 
p. 940 (1935). 

t D. R. Hartree, * Phys. Rev.,’ vol. 46, p. 738 (1934); Porter, ‘ Proc. Mane. Lit. 
Phil. Soc.,’ vol. 79, p. 75 (1935); Mannmg and Millman, * Phys. Rev.,’ vol. 49, p. 848 
(1936). 
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Torrance’s treatment* of the equations of the self-consistent field without 
exchange; the laborious calculations of the second group would still 
have to be done by hand computation, and the saving of time and labour 
by the use of the differential analyzer would probably not be very marked. 


3— Results and Discussion 

The final results are given in Tables I and 11. Table I gives the nor- 
malized radial wave functions Pn (n/l/*), the values of (/i/|r)/r'+' for 
small r, and the values of the diagonal energy parameters Cnz.iii; the non- 
diagonal parameters have been reduced to zero by orthogonal trans- 
formation of the radial wave functions. Table II gives the functions 
2(21+ 1) [1 — Zo(nl, nl\r)], which arc the contributions to Z from 


Table I— Cu^. Solution of Fock’s Equations. Normalized 
Radial Wave Functions Ph {nl\r) 




Table of 

Ps(»/|r)/r'+> 



r 

(b) 

(2j) 

(2p) 

(35) 

(3p) 

(3rf) 

0 000 

307 0 

94-3 

708 

35 2. 

260i 

244i 

0 OOS 

263 7 

81-3 

639 

30-4, 

242 

233 

0010 

229-9 

70-0 

613 

26-1 

22Si 

222 

0 013 

199-0 

39-7 

571 

22-2, 

209J 

2111 

0 020 

172-3 

30-6 

332 

18-8 

195 

202 


Table of Pi, (/i/|r) 


0-000 

0-000 

0-000 

0000 

0-000 

0 000 

0-000 

0-005 

1-328 

0-407, 

0-016. 

0-152 

0-006 

0-000 

0-010 

2-299 

0-700 

0-061 

0-261 

0 022, 

0-000 

0-015 

2-985 

0-896 

0 128, 

0-334 

0 047 

0-001 

0-020 

3-445 

1-01 1 

0-213 

0 376 

0 078 

0-002 

0-025 

3-729 

1-061 

0-310 

0-393 

0-113, 

0-003 

0-030 

3-876 

1-037 

0-416 

0-389 

0-132 

0-003 

0 035 

3-918 

1-009 

0-528 

0-368 

0-193 

0-008 

0-040 

3-881 

0-926 

0-644 

0 334 

0-234 

0-011 

0-03 

3-643 

0-686 

0-877 

0-238 

0-317 

0-019 

0-06 

3 290 

0-384 

1-103 

0-119 

0-395 

0-030 

0-07 

2-890 

0-034 

1-312 

-0-010 

0-463 

0-044 

0 08 

2-488 

-0-280 

1-500 

-0-139 

0-524 

0-061 

0-09 

2-110 

-0-602 

1-663 

-0-260 

0-572 

0-080 

O-IO 

1-769 

-0-900 

1-801 

-0-370 

0-607 

0-101 


* ‘ Phys. Rev.,’ vol. 46, p. 388 (1934). See II, § 6, for the extension of Torrance’s 
tnMhod to Fock’s equation. 
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Table 

r (ij) (2 j) 

012 1-211 1-403 

0-14 0-809 -1-770 

0 16 0-530 - 2 007 

0-18 0-344 2 132 

0-221 -2-168 

0-141 - 2-134 

0-089 - 2-050 

0-26 0-056 - 1 -932 

0-28 0-036 - 1 795 

0-30 0 023 -1-646 

0-35 0-007 -1-270 

0-40 0-002 -0-940 

0-45 0-001 - 0-674 

0-50 — -0-474 

0-55 — -0-328 

0-60 - 0 225 

0-7 — -0 104 

0-8 — -0 048 

0- 9 — -0 022 

1 - 0 — -0 011 

1-1 — -0 004 

1-2 — -0 002 

1-3 — -0-001 

1- 4 — - 

16 — 

18 — — 

2 - 0 — — 

2-2 — — 

2- 4 — — 

2-6 — — 

2-8 — — 

3- 0 — — 

3-2 — — 

3-4 — — 

3-6 — — 

3- 8 — — 

4- 0 — — 

4- 5 — — 

5- 0 — — 

5- 5 — — 

6 - 0 — — 


I — (continued) 

(2p) ( 35 ) {?p) 

2 002 -0-544 0-642 

2-111 -0-651 0-632 

2 142 -0-692 0-583 

2 113 -0 677 0-503 

2 040 -0 614 0-400 

1 934 -0-515 0 281 

1 808 -0-390 0-152 

1 670 -0 247 0 018 

1-528 -0 094 -0-116 

1-386 +0-062 -0-249 

1-055 0-438 - 0-554 

0-778 0-757 0 804 

0-561 1-001 -0-993 

0-398 1-170 I 123 

0-279 1 268 I 200 

0 195 1-311 -1-235 

0 093 1 275 -1-212 

0-045 1 147 -1-115 

0-022 0-983 - 0 986 

0-011 0 817 -0-848 

0-005 0-663 - 0-717 

0 002 0-531 -0-598 

0 001 0-420 - 0-494 

— 0-329 -0-405 

— 0-198 -0-269 

— 0-117 -0-176 

— 0-069 -0-114 

— 0-040 -0-073 

— 0-023 -0-047 

— 0 014 -0 030 

— 0-008 -0-019 

— 0-004 -0 012 

— 0-002 -0 007 

— 0-001 -0-004 

— — -0-002 

_ — - 0-001 


•nt.tu 658-4 82-30 71-83 10-651 7-279 


(3rf) 
0-149 
0-203 
0-261 
0-321 
0-382 
0-442 
0-501 
0-557 
0-610 
0-660 
0-770 
0-855 
0 917 
0-958 
0-981 
0 991 
0 978 
0-937 
0-882 
0-821 
0-759 
0-698 
0-639 
0-585 
0-488 
0 406 
0-337 
0-279 
0-231 
0-191 
0-158 
0 136 
0-107 
0-088 
0-072 
0-059 
0-049 
0-029 
0-018 
0-010 
0-006 
0-002 
0-001 


2 L 2 
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the diflTerent (n/) groups, in the sense used in the papers in which the 
results of calculation of the self-consistent field without exchange have 
been published;* Table II also gives the function T defined by (5), which 
is the total 2Z, of the field of the nucleus and the Schrodinger change 
distribution of the whole atom ;t this is one of the quantities required in 
calculating the wave functions of a further electron (cither the series 
electron of a free neutral atom, or a “ free ” electron of a metal) in the 


Table II— Cu+. Solution of Fock’s Equations. Contributions 
TO Z, and Total 22, 


Contributions to Z; 2(21+ 1) [1 — Zo (nl, nl\r)] 
(b)* (2i)* (2/»)« (3 t)* (3/>)» (W 


0 000 
0 005 
0010 
0015 
0 020 
0 025 
0 030 
0 035 
0 040 

0 05 
0 06 
0 07 
008 

009 

010 

012 
014 
0 16 

0-18 
020 
022 
024 

0-26 

0-28 
030 


2 000 
1994 

1-959 
1 888 

1-784 

1-654 
1 508 
1-356 
1 203 

0 918 
0-676 
0-484 
0 340 
0 234 
0159 

0-071 
0-030 
0 013 
0 005 
0-002 
0-001 


2-000 
I 999 
1 996 
1 990 
I 981 
1 970 
1 959 
1-948 
1-938 

1-925 
1 919 
1-918 
1 917 
1-913 
1-902 

1 847 
1-744 
1-600 
1-427 
1-241 
1-055 
0 879 
0 720 
0-581 
0-462 


6-000 
6-000 
6-000 
6 000 
5-999 
5 997 
5-993 
5 986 
5-976 

5-941 
5 882 
5-794 
5-675 
5-524 
5-344 

4-906 
4-395 
3 850 
3 304 

2-785 

2-310 
1-890 
1-527 
1-220 
0-965 


2-000 
2 000 
1 999 
1-999 
1-997 
1 996 
1-994 
1-993 
1-992 

1-990 
I 989 
1 989 
1 989 
1-988 
1-986 

1-978 
1-963 
1-945 
1-926 
1 909 
1-896 
1-888 
1 884 
1-882 
1-882 


6 000 
6 OOO 
6 000 
6 000 
6 000 
6-000 
5 999 
5 998 
5 997 

5-992 
5-984 
5 973 
5-959 
5-941 
5-920 

5-873 
5-823 
5-779 
5-743 
5-718 
5-704 
5 698 
5-697 
5-697 
5-693 


10 00 
10 00 
10 00 
10 00 
10 00 
10 00 
10 00 
10 00 
10 00 

10-00 
10 00 
10-00 
10-00 
10-00 
10-00 

9 99, 
9-99 
9-98 
9-96 
9-93 
9-90 
9-86 
9-80 
9-73 
9-65 


Total 

2Zp 

58 00 
56-66 
55 35 
54-10 
52-92 
51 80 
50-75 
49-75 
48 80 

47-02 

45-38 

43-84 

42-38 

40-99 

39-66 

37-18 
34-94 
32 91 
31-07 
29-42 
27-91 
26-54 
25-26 
24-07 
22-95 


* Seel. In comparing Table 11 of the present paper with Table IV of Papo I, 
note that in the latter, three entries have been omitted at the end of the (Is)* column. 
These mtries are the same as the corresponding entries in the present TaUe n. 
t (r) is dedned as r x (potential at radius r). 
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Table II — (continued) 


r (Ij)* 

0-35 
0-40 
0-45 
0-50 
0-55 
0-60 


(2j)* (2p)* 

0 249 0-518 
0 127 0-267 
0 062 0-133 
0 029 0-065 
0 013 0 031 
0-006 0 015 


(35)* (3p)* 

1-874 5-641 
1 837 5-500 
1-758 5-254 
1 639 4 915 
1 -489 4 507 
1-322 4-061 


Total 
(3d)« 2Zp 

9 39 20-38 
9 06 18-08 
8-67 16-00 
8-23 14 13 
7-76 12-47 
7-27 11 01 


0-7 

0-8 

0- 9 

1 - 0 
1-1 
1-2 
1-3 
1 4 


0 001 0 003 

— 0-001 


0 982 3-150 
0 686 2 331 
0 457 1 -666 
0 295 1-161 
0 186 0-794 
0 114 0 535 
0 069 0-356 
0-041 0-235 


6 29 8 65 
5 37 6-91 
4 54 5-64 
3-82 4-72 
3-19 4 05 
2-66 3-56 
2-21 3-19 
1-84 2 91 


1 6 
1-8 
2 0 
2 2 

2- 4 
2-6 
2 8 

3- 0 
3-2 
3-4 



— 0-014 0-100 

— 0 005 0 042 

— 0 001 0-017 

— - 0 007 

— — 0 003 

— — 0-001 


1 27 
0-87 
0-59 
0 41 
0 28 
0-19 
0 13 
0 09 
0 06 
0 04 


2 55 
2 34 
2-21 
2 13 
2-08 
2-05 
2 03 
2 02 
2 01 
2-00 


3 6 


0 - 02 , 


3- 8 

4- 0 


0 01, 
0-01 


field of the ion. The third decimal is given in all the contributions to Z 
except that from the (3d)“ group, as it is probably dependable to ± 1 for 
all groups out to (3 j)*, and is of some value for (3p)*, and it may be of 
interest in comparing the results with those of the self<onsistent field 
‘without exchange. 

As in Cl~, the main features of the effect of the exchange terms are a 
very considerable contraction of the outermost («/) group (here (3d)i®) and 
a comparatively small alteration of the other groups of the outer shell, 
on account of the partial compensation of the attractive effect of the 
exchange terms in the equation, and the repulsive effect of the contraction 
of the outermost group and consequent increased screening of the nucleus 
by it. The maximum changes in 2 (2/ -f I) [I — Zq (3/, 3/|r)], and those 
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in (1 — Zo (3/, 3/|/-)] which give the changes per electron of each (31) 
group, and the latter figures for Q-, are as follows : 



Max. change in 

Max. change in 

Max. change in 

I 

2(2/+l)[l-Zo(3/,3/|r)l 

[l-Zo(3/,3/k)] 

[l-Z„(3/.3/|r)] 


Cu-^ 

Cu+ 

ci- 

0 (s) 

0-03, 

O'Olg 

OOI 7 

!(;») 

0 - 10 , 

0017 

0 10 , 

2(d) 

0-77 

0-077 



The changes per electron for Cu+ are about the same for the (3s) and (3p) 
group, whereas for Cl" the change per electron for the (3p) group is about 
six times that for the (3s) group ; and for Cu'*' the change per electron for 
the (3d) group is about 4^ times that for the (3p) group. It is interesting 
to note that the change per electron for the (3s) group is almost the same 
for Cl“ and Cu+ ; this would hardly be expected a priori in view of the 
considerably looser binding in the former atom, and emphasizes the 
extent to which the direct attractive effect of the exchange terms on 
the (3s) wave function of Cl~ is counteracted by the indirect effect through 
the large contraction of the (3p) wave function. 

The results for Cu'*' also confirm the effect of the exchange terms on the 
(2s)* group of Cl", which was unexpectedly large. The maximum changes 
in the contributions to Z from the groups with n = 2 arc:— 

Max. change in Max. change in 

/ 2 (2/ + 1) [1 - Z„ (21, 2/|r)l 2 (21 + 1) [I - Zo (21, 2J\r)] 



Cu-*- 

Cl" 

0(s) 

0-031 

0 06c 

\ip) 

0-035 

O-lOc 


Since the size screening constant for the M shell is about 4, it might be 
expected that from Cl~ to Cu'*' the effect of the exchange terms on the 
groups of the M shell would be reduced roughly in the ratio of the values 
Qf (N — 4) for Cl and Cu, that is by a factor of about 2, and this is seen 
to be the case. 

Table III gives the total radial charge densities 

U(r)=S,,2(2/+l)PK*(«/k) 

for Cu+, calculated from the results of the self-consistent field with and 
without e^hange, and the difference between them. Table IV gives the 
values of r* for the different groups calculated from the results of the 
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Table III— Cu+ Charge Distribution. Total Radial Density in 
Atomic Units, U (/■) = S,,2 (2/ + 1) P,,* {nl\r). Calculated by 
Self-Consistent Field (a) Without Exchange, (b) With Exchange, 


AND the Difference (6) — (a) 


r 

U(r) 

UW 

*U(/-) 


(fl) 

(b) 

(b) ~ (a) 

0 000 

0 00 

0-00 

— 

0 005 

3 -91 

3 9i 

0-0. 

0010 

11 -7, 

11 -7t 

0 0, 

0015 

19 7, 

19-7, 

0-0, 

0 020 

26 3, 

26 3, 

0-0, 

0 025 

31 0, 

31-0, 

0 0, 

0 030 

33-7, 

33-7, 

-0 0i 

0 035 

34-9o 

34 9, 

0 0, 

0 040 

34-8, 

34-8, 

0 0, 

005 

32 '7, 

32-8, 

0 0, 

0 06 

30 0, 

30 2, 

0-1, 

007 

28-1, 

28 3, 

02, 

008 

27-4, 

27-7, 

0-3, 

009 

27-9, 

28 3, 

0 3, 

010 

29 4, 

29-9, 

0 4, 

012 

33 61 

34-20 

0-59 

014 

37-35 

37 96 

0 61 

016 

39-32 

39-83 

0 51 

018 

39-23 

39-59 

0-36 

0-20 

37-36 

37 62 

0 26 

0-22 

34-35 

34-53 

0-18 

0-24 

30-81 

30-97 

0-16 

■0-26 

27-24 

27-43 

0-19 

0-28 

23-98 

24-26 

0-28 

0-30 

21-26 

21-67 

0-41 

0>35 

17-19 

18-04 

0-85 

0-40 

16-48 

17-72 

1-24 

0-45 

17-61 

19-13 

1-52 

0-50 

19-22 

20-89 

1-67 

0-55 

20-53 

22 17 

1-64 

0-60 

21-16 

22-74 

1-58 


r 

UW 

U(r) 

8U(r) 


(a) 

(b) 

(b) - {a) 

0 7 

20-45 

21 70 

1-25 

0 8 

18 02 

18-89 

0 87 

0-9 

15-02 

15 54 

0-52 

I-O 

12-17 

12-39 

0-22 

1 1 

9 72 

9 72 

0 00 

1-2 

7-75 

7-57 

-018 

1 3 

6-21 

5 91 

-0-30 

1-4 

5-01, 

4-62, 

-0-39 

1-6 

3 37 

2-89 

-0 48 

1 8 

2 35, 

1-86 

-0 49, 

2 0 

1 69 

1-21, 

-0-47, 

2 2 

1 24 

0-81, 

-0-42, 

2 4 

0-91 

0 55 

-0 36 

2 6 

0-67, 

0 37 

0 30, 

2-8 

0-50, 

0-25, 

-0 25 

3 0 

0-37, 

0-17 

-0-20, 

3-2 

0-28 

0-11, 

-0 16, 

3 4 

0 20, 

0 08 

-0-12, 

3-6 

0-15 

0-05, 

-0 09, 

3-8 

0-11 

0-03, 

-0 07, 

4 0 

0-08, 

0 02, 

-0-05, 

4 5 

0 03, 

0-00, 

-0-02, 

5-0 

0 01, 

0-00, 

-0 01, 

5-5 

0 00, 

0-00, 

-0-00, 

6-0 

0 00, 

— 

-0-00, 

6-5 

0-00, 

— 

-O-OOi 
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present paper, and the diamagnetic susceptibility calciilated from the 
results of the self-consistent field with and without exchange, in the same 
way as similar results were obtained for Cl“ in IV. The “ observed ” 
susceptibility as given by Stoner* is also shown in Table IV ; the agreement 
with the value calculated from the results of the present paper appears 


very satisfactory. 




Table IV— Diamagnetic Susceptibility of Cu+ 


Group 

7* 

2(2/1 1)/* 


f (Id* 

0 0037 

0-01 

Self-consistent field, | 

(2s)* 

0 0665 

0 13 


1 (2p)* 

00528 

0 32 


1 (3s)* 

0-604 

1-21 

with exchange | 

(3P)* 

0-679 

4-07 


1 (3d)‘* 

1 285 

12-85 


S2(2f+ Or* 

18-58 -X- 10"*“ >'*•67 


- 

r/-*8U(r)dr 

4-89 

S.c.f., without exchange 

22(2/4-1)1* 

2^47 -x.I0-*= 18-54 


Observed - x • 10-* =» 14 


4 — ^Summary 

The numerical solution of Fock’s equation for the self-consistent field, 
including exchange effects, for the Cu+ ion has been carried to a successful 
conclusion. The work is made rather troublesome by the very sensitive 
character of the (3d)“ group, but otherwise presents no particular features 
except its length. 

The results are given and the effects of the exchange terms discussed 
and compared with the corresponding effects for Cl~ ; in both cases the 
most striking feature is a considerable contraction of the outermost (n/) 
group, accompanied by a comparatively small contraction of the other 
groups of the outer shell. 

The diamagnetic susceptibility is calculated and found to be in good 
agreement with experiment. 

• “ Magnetism and Matter ” (Methuen, 1934), ch. 9, Tabic 4.2, p. 272. This 
value is based on measured values of the suscepbbilities of cuprous salts. For a 
discussion of the analysis of the susceptibility of a ^t into those of its ions, see Stoner, 
dt., ch. 9, S 4. 
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The Kinetics of the Combustion of Methane 

By R. G. W. Norrish, F.R.S., and S. G. Foord, Laboratory of Physical 
Chemistry, Cambridge 

(Received 9 July, 1936) 

Introduction 

The kinetics of oxidation of methane at pressures comparable with 
atmospheric pressure presents many features of great interest and of 
considerable importance to the elucidation of the nature of combustion 
processes in general. The facts which have accumulated to date, though 
fairly precise and definite, require in some cases amplification and further 
study in view of the realization that combustion has the character of a 
chain reaction. 

It has been found* that the temperature of ignition of methane, which lies 
in the region 700-800'’C., isdependent on the composition and total pressure 
of the mixture. For equimolecular mixtures of CH4 and Os, no lower 
limit phenomena of the kind associated with hydrogen or carbon monoxide 
ignition have been observed. Below the ignition limit there is a readily 
measurable reaction velocity, and it was shown by Fort and Hinshelwoodf 
that the pressure-time curve is comprised of three distinct parts : (a) an 
induction period of several seconds’ or minutes’ duration, during which 
almost no reaction can be detected; (6) a period of acceleration to a 
steady velocity, followed by (c) a gradual decline of the velocity to zero 
as the reactants are used up. Fort and Hinshelwood showed that the 
velocity during the reaction period was much more dependent on the 
pressure of methane than that of oxygen. They further established the 
fact that the reaction is almost completely inhibited by packing the vessel 
with pieces of quartz tubing. Bone and Allum:( showed that the most 
reactive mixture consists of methane and oxygen in the ratio 2:1, the 
induction period being shortest and the reaction velocity greatest for this 
proportion. It was further found that the reaction is subject to sensi- 
tization, small quantities of nitrogen peroxide, iodine, or formaldehyde 
practically removing the induction period and increasing the reaction 
rate. An analysis of the products of the reaction showed that it followed 
the general course : 

CH4 -1- liOi = 2H,0 -f CO. (I) 

• Neiumnn and SerWnov, ‘ Phys. Z. Sowjet.,’ vol. 4, p. 433 (1933). 
t ‘ Proc. Roy. Soc.,’ A. vol. 129, p. 284 (1930). 
t ‘ Proc. Roy. Soc.,' A, vol. 134, p. 578 (1932). 
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During the process of the reaction, sntall quantities of intermediates were 
isolated, chief among which in the matter of quantity was formaldehyde. 
It is significant that, this substance has been shown to be readily formed 
by the oxidation of methane, yields up to 20% being obtained by Bone and 
Wheeler* using a flow method. 

It has been pointed out by one of usf that neither the hydroxylation 
nor the peroxidation theory is adequate fully to account for the kinetic 
phenomena of this reaction, and that in particular they have not been 
able to give an adequate explanation of such effects as the induction 
period, the promotion by inert gases, the inhibition by increase of surface, 
and the phenomena of sensitization and inhibition by small amounts of 
added substances. These are all characteristics of a chain reaction, and 
in order to take account of such kinetic phenomena as well as the stoichio- 
metric relationships covered by the hydroxylation theory a mechanism 
has been proposed based upon the propagation of chains by oxygen 
atoms and methylene radicals with the primary production of formalde- 
hyde. SemenoffJ simultaneously has developed the theory of “ degene- 
rate branching ” of reaction chains, and has shown that much of the 
kinetics of combustion of hydrocarbons, previously obscure, may be 
readily interpreted. In the present paper, with an improved technique for 
the measurement of pressure changes, we have made a detailed study of 
the slow reaction, and have found that a synthesis of the atom chain 
hypothesis and the theory of degenerate branching gives a remarkably 
complete interpretation of the very varied kinetic relationships, including 
the catalytic effect of inert gas which we have discovered to be a marked 
feature of the reaction. We have also studied the effect of catalysts on 
the ignition tempeiature, and from the steady increase of reaction velocity 
up to very high values as the temperature is raised towards the ignition 
limit, we conclude that the ignition of methane is undoubtedly a thermal 
phenomenon which sets in when the reaction velocity exceeds a limiting 
value and the reaction process becomes approximately adiabatic. 

ExraRIMENTAL METHOD 

Apparatus— The apparatus used was of the type described by us in a 
recent paper.§ It consisted of an electrically heated reaction vessel into 
which a gas mixture could be admitted from a separate mixing vessel. 

• ‘ Trans. Chem. Soc.,' p. 1074 (1903). 

t Norrish, * Proc. Roy. Soc.,’ A, vol. 150, p. 36 (1935). 

} “Chemical Kinetics and Chain Reactions,” Oxford 0935). 

§ Foord and Norrish, ‘ Proc. Roy. Soc.,’ A, vol. 152, p. 196 (1935). 
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Subsequent explosion of the mixture could be observed visually through 
a small window in the entry tube, and the course of slow reactions could 
be followed by the pressure change in the system as observed on a special 
type of Bourdon gauge connected with the reaction vessel. Measure- 
ments of pressure change were made with an accuracy within 0*02 mm. 
of mercury or less. Where it was required to follow the slow reaction 
for a considerable proportion of the total change, steps had to be taken to 
avoid condensation, in the entry tube, of water formed during the reaction. 
This was accomplished by using a coiled entry tube of 3 mm. bore heated 
by a circulatory steam system to 1(X)° C. for about 50 cm. of its length. 
By this means no interference with the pressure of the system could occur 
by water condensation until a partial pressure of 12 to 15 mm. of water 
vapour was attained at the cool end of the entry tube by diffusion. 
Cylindrical reaction vessels of soda-glass, pyrex, or quartz were used. 
The length of the vessels was standardized at 20 cm. (/.e., less than the 
length of furnace over which the temperature was constant within T C. 
at a mean temperature of 500“ C.), but the diameter was varied as required. 
The apparatus could be evacuated to lO'^-lO"* mm. by “ Hyvac ” and 
mercury diffusion pumps. 

Preparation of Gases — Oxygen was prepared by the electrolysis of 10% 
sodium hydroxide solution saturated with barium hydroxide, and purified 
from ozone and hydrogen by passage over heated platinized asbestos. 
Methane was made by reduction of methyl iodide, by methyl alcohol, and 
a zinc-copper couple, mainly as described by Vanino,* and purified by 
two fractional distillations of the liquid methane. Particular care was 
taken during the preparation to avoid contamination of the product by 
iodine. Both methane and oxygen were stored over water in aspirators, 
and on analysis always proved to be between 99% and 100% pure, the 
residue being mainly due to the gradual diffusion of air from the aspirator 
water as the gas was used. Before use the gases were dried with phos- 
phorus pentoxide. Nitrogen used as inert gas was taken direct from 
cylinders and used without further purification, apart from drying. 
Hydrochloric acid gas was obtained by dehydration of its concentrated 
solution by strong sulphuric acid, and stored in a large bulb. It was given 
a final drying before use by passage over calcium chloride. Known 
amounts of iodine were introduced into gaseous mixtures by storing 
oxygen at a constant pressure in a series of tubes containing iodine and 
held in a bath of cold water, and admitting the appropriate amount of 
the saturated gas to the mixing vessel. The amount of iodine was calcu- 
• “ Prftparative CheoiK,” vol. 2. 
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lable from the vapour pressure at the temperature of the water bath. 
Chlorine was obtained from a cylinder and purified by repeated fractional 
distillation. 


Experimental Results 

Slow Reaction Velocity— M 480° C., using a soda-glass reaction vessel 
of 28 • 5 mm. diameter, the general form of pressure-time curve obtained 
was similar to that recorded by previous workers;* it commenced with an 
induction period of the order of several minutes, during which no 
appreciable change of pressure occurred, followed by a pressure change 
which gradually increased to a maximum rate after a further period of a 
few minutes. The rate of reaction, after remaining constant for a short 
time, gradually fell as the reactants were consumed. The pressure change 
at the point of maximum rate was small compared with the total change 
for complete reaction, so that the maximum rate could justifiably be 
taken as that corresponding to the original concentrations of reactants 
within a small limit of error. On account of the sensitivity of the pressure 
measuring device, this rate could be measured fairly accurately over a 
small length of the curve, even for small pressure changes of a few milli- 
metres. 

Using the above method of rate determinations, three series of measure- 
ments have been made to investigate the individual effects of the three 
variables, viz., concentration of methane, concentration of oxygen, and 
the total pressure, on the velocity of the slow reaction at 480° C. Obviously 
any effect of total pressure on the rate has to be allowed for in examining 
the effect of each of the other two variables, and is therefore considered 
first. Fig. 1 shows the effect of varying the total pressure by adding 
nitrogen to a mixture of methane and oxygen of fixwl composition (/.e., 
250 mm. methane; 100 mm. oxygen). There is a nearly linear increase 
in velocity with total pressure. For this reason, in investigating the 
effect of varying the concentrations of methane and oxygen, allowance 
has been made for the simultaneous change in total pressure, assuming 
a linear law. An approximate proportionality between reaction velocity 
wd total pressure has also been found to hold at higher temperatures, 
up to 600° C. in a pyrex reaction vessel. 

Fig. 2 shows the effect on the reaction rate (at 480° C.) of varying the 
concentration of methane, at a constant concentration of oxygen. A 
plot of [CH 4 PP against the rate, where P is the total pressure, gives a 

• Fort and Hinritelwood, ‘ Proc. Roy. Soc.,’ A vol. 129, p. 284 (1930) ; Bone and 
Ahum, ibid., vol. 134» p. 578 (1932). 
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close approximation to a straight ]ine. Similarly, at constant concentra- 
tion of methane, and varying concentration of oxygen, a plot of [OJP 
against the rate gives an approximately straight line with the exception 
of one point for a low concentration of oxygen (fig. 3). Combining the 
results of the above measurements, the reaction rate is given by an expres- 
sion of the form ; 



It should be mentioned that in measuring the above velocities, the absolute 
values of the reaction velocity were susceptible to fortuitous changes in 
the surface conditions in the reaction vessel, and concordant and repro- 
ducible results within 5%) could only be obtained by carrying out a 
complete series of measurements without allowing the reaction vessel 
to cool, and pumping out the vessel for at least half an hour between 
successive experiments. In particular, the experience of other workers 
that the reaction rate is considerably lowered by allowing the reaction 
vessel to renoain full of air, was confirmed. The law obtained above is in 
approximate agreenlent with the reaction order of 3 ■ S obtained by Frear* 
* * J. Amer. Chem. Soc.,’ vol. 56, p. 305 (1934). 
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for a mixture of constant proportions of methane and oxygen, although 
a rather lower order was indicated by the results of Fort and Hinshel* 
wood. * It also includes the result that for a given total pressure the most 
reactive mixture is 2 CH 4 + 0„ as shown by Bone and Allum.t 

To extend the proof of the expression for the reaction rate obtained 
above to lower concentrations of reactants, it was necessary to raise the 
temperature to obtain conveniently measurable rates of reaction. Pres- 
sure-time curves were therefore plotted for equimolecular mixtures of 
methane and oxygen at various pressures in a quartz reaction vessel of 
23 mm. diameter, at a temperature of 620° C. Similar curves to those 
at 480° C. were obtained, with the exception that the rate of change of 
pressure did not reach a maximum value until 20-30% of the total change 
had occurred, and then rapidly fell away again. Approximate maximum 
rates are given in Table I. 

Table I— Slow Reaction at 620° C. [CH 4 ]: [O*] = 1. 

Total pressure (mm) .... ^ 150 100 SO 

Maximum rate (mm. /sec.) 0-64 0-345 O-IOS 0 015 

The rate is here approximately proportional to P* but, in view of the 
considerable amount of reactants consumed at the point of measurement, 
a higher order reaction was probably occurring. More satisfactory 
results are given for a lower temperature (530° C.) in connexion with 
experiments described below on the effect of surface, which bear an 
approximate fourth order relation. 

Surface Effect on the Slow Reaction — Quantitative data on the effect 
of surface on the velocity of slow reaction are not available, although 
several workers have reported a reduction of the velocity and increase 
in the induction period by increase of the surface factor. In particular, 
Fort and Hinshelwood obtained a very marked suppression of the 
reaction by packing the reaction vessel with tubing, while Frear noted 
that the surface had an inhibiting effect at pressures greater than 300 mm. 
and a promoting effect at pressures lower than 3(X) mm. ; however, the 
flow method adopted by the latter is open to criticism when dealing with 
a reaction accompanied by an induction period. 

Measurements have therefore been made of the slow reaction velocity 
at 530° C. in a series of pyrex vessels of equal length but varying in dia- 
meter from 5 mm. to 37-5 mm., using an equimolecular mixture of 

• ‘ Proc. Roy. Soc.,’ A, vof. 1», p. 284 (1930). 
t ‘ Proc. Kay. Soc..’ A, vol. 134, p. 578 (1932). 
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methane and oxygen at total pressures between ISO mm. and 300 mm. 
The smaller vessels were composed of a number of units of the standard 
length and the stated diameter connected together in parallel, to avoid 
the use of a large correction factor for the volume of the pressure gauge 
in computing the reaction velocity. The value obtained for the velocity 
in any set of circumstances was dependent to a considerable extent upon 
the previous treatment of the surface, but by standardizing the procedure, 
both in cleaning the vessels and in making the measurements comparable, 
results could be obtained, and the reaction rate reproduced within about 
10% in duplicate series of runs at different pressures. The rate of change 
of pressure was in each case corrected for the volume of the pressure 
gauge and connecting tubing. The results obtained are given in Table 
II. 

Table 1I~Slow Reaction at 530° C. in Pyrex Vessels 
[CH J/[Od = 1 

Vessel Number Reaction velocity at total Reaction 

diameter of pressure P (mm. Hg/min ) order 

(mm.) sections . n 

P-150 P-200 P-300 

5 0 19 — 0 61 6 1! 5 7 

7 5 9 0 76 2 66 14 3 4 2 

111 4 0 98 2 72 18-3 4-2 

16-7 2 1-31 4-25 181 3-9 

281 I 1-66 4 09 22 1 3-8 

37 5 1 1 72 5-83 27-5 3-7 

The reaction velocity figures are each mean values of between two and 
four determinations, which when taken as a whole show a standard 
deviation from their means of approximately 10%, indicating the degree 
of agreement obtainable. This figure for the error includes measurements 
taken from time to time on the same vessel or on different vessels of the 
same diameter, and may therefore be taken to mclude variations in the 
catalytic activity of the surface from vessel to vessel. The t^culated 
order of reaction n is given, and is seen to be approximately four except 
for the smallest vessel, and is in agreement with equation (1), which for 
equimolecular mixtures of methane and oxygen requires a value of 
n — 4. 

An examination of the data of Table II shows that, in spite of a wide 
variation with pressure, there is a general tendency for the velocity to 
decrease as the diameter of the reaction vessel is reduced. With the 
smallest vessel used the effect is very much greater than for the larger 
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vessels, and the apparent order of reaction has increased considerably. 
This suggests that a surface effect of a different order becomes effective 
for high surface to volume ratios, particularly in view of the complete 
inhibition of the reaction obtained by Fort and Hinshelwood* on packing 
their vessels with silica tubes. In order to find whether similar inhibition 
by packing occurred with our conditions of experiment, we carried out 
several determinations with packed vessels of a surface to volume ratio 
equal to that of a cylindrical vessel of 2 mm. diameter, which fully con- 
firmed the almost complete inhibition observed by the earlier workers. 
There thus appears to be a critical diameter (2 to 5 mm.) below which the 
reaction is strongly inhibited, and above which a less marked but quite 
definite inhibition by surface occurs. It is interesting that similar results 
were obtained by Speneef in the oxidation of acetylene, when he found a 
limiting diameter (4 to 6 mm.) of vessel below which strong inhibition 
occurred, but above which reaction proceeded with a steady velocity 
nearly independent of diameter. This reiharkable effect will be referred 
to later in the discussion, where it is represented as a consequence of the 
theory of degenerate branching of reaction chains. 

The general effect of surface is shown graphically in fig. 4, in which the 
results at different pressures have been combined by dividing the reaction 
velocity by the fourth power of the pressure and plotting the mean value 
for each vessel diameter, a procedure which reduces the probable error 
in the value adopted for any particular vessel. 

Transition from Stow Reaction to Ignition — We have shown $ for the 
hydrogen oxygen reaction catalysed by nitrogen peroxide that by a steady 
change in one of the variables of the system (e.g., concentration of nitrogen 
peroxide or oxygen) a transition can be effected from a region of slow 
reaction to one of ignition, and that the length of the induction period 
varies continuously in passing from one region to the other. 

Similar measurements have been carried out with an equimolecular 
mixture of methane and oxygen, the transition from slow reaction to 
explosion being brought about by increasing the total pressure of the 
mixture. At 720° C. with a 23 mm. quartz reaction vessel, a pressure limit 
of ignition was reached at a total pressure of 270-280 mm. Below this 
pr^ure, the increasing reading on the pressure gauge indicated a rapidly 
accelerating reaction which reached a well-defined maximum rate in the 
course of a few seconds, and fell soon afterwards to zero, after which a 

• ‘ Proc. Roy. Soc.,’ A. vol. 134. p. 578 (1932). 

t ‘ J. Cheiti. Soc.,’ p. 686 (1932). 

t Foord and Norrish, ‘ Proc. Roy. Soc.,’ A, vol. 152, p. 196 (1935). 
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slow steady fall of pressure occurred, presumably due to combustion of 
carbon monoxide formed in the main reaction. Above the critical 
pressure, the same type of growth of reaction was observable, but ter- 
minated in a sharp momentarily large increase in pressure as a visible 
general ignition occurred in the reaction vessel. The point of particular 
importance arising from these experiments is that a plot of induction 
period against total pressure is a continuous curve (fig. 5), provided that 
the induction period of the slow reaction is measured to the time of 



Fra. A — ^Vanation of slow reaction velocity with vessel diameter. 

maximum rate, and not to the onset of the observable pressure change. 
This leads to the conclusion that whatever be the mechanism of the growth 
of the reaction during the induction period, ignition is a thermal process 
following the attainment of a critical reaction velocity. 

Effect of Reaction Products— To determine whether the products of 
the reaction had any retarding influence on the slow reaction, the rate of 
reaction at 530° C. was measured with and without addition of carbon 
monoxide, carbon dioxide, and water vapour. Using 200 mm. of the 
methane oxygen mixture, addition of up to 150 mm. of either carbon 
dioxide or water vapour had no other effect on the velocity of the reaction 
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than the normal increase ai^roximately proportional to the total pressure 
obtained by addition of an inert gas. Carbon monoxide in small quantities 
(up to 30 mm.) had no appreciable effect on the reaction rate as mentioned 
by the rate of rise of pressure. With larger amounts, combustion of 
the carbon monoxide with its attendant fall in pressure rendped it 
impossible to measure the methane combustion rate by observation of 
the pressure change. 



Total pressure (nun.) 


Fio. 5 — Continuity of induction period for ignition and slow reaction of CH« and 
Of at 720° C. Concentration : [CHf] ==> [Of] <= P/2. • Tune of maximum 
rate of slow reaction; © time of ignition. 

Relation Between Ignition Temperature and Total Pressure — Early in 
the present work an attempt was made to extend the work of Neumann 
and Serbinov,* in which the existence of three pressure limits of 
ignition over a limited temperature range was described. The results 
obtained, using a mixture of methane and oxygen in equimolecular 
proportions, will not be elaborated as they merely confirm further work 
of the above authorsf which appeared soon afterwards, describing the 

• ‘ Nature.’ vol. 128, p. 1040 (1931); ‘ J. phys. Chem.,’ Russia, vol. 3, p. 75 (1932). 

t Ibid., vol. 4. p. 433 (1933). 
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disappearance of these limits with tiie proportions used by us, a result 
which has recently been repeated with methane-air mixtures.* A matter 
of immediate importance, however, is the difficulty experienced in this 
work of repeating an ignition temperature determination after a period 
of sev^l days. Differences of the order of 10“ to 20“ C. were observed 
in this way, presumably owing to a gradual change in the catalytic 
activity of the surface. Measurements with two sizes of reaction vessel 
gave the qualitative result that the one of largest diameter gave slightly 
lower ignition temperatures. 

Effect of Sensitizers and Inhibitors— The effect of the addition of hydro- 
chloric acid gas on the ignition temperature of an equimolecular mixtiu'e 



Fio. 6 — Effect of HCl on igniUon temperature. ConcentraUons ; [CH 4 ] ^ [O,] > 
100 mm. at 500° C. 

of methane and oxygen is shown in fig. 6. It is seen to have a mild 
sensitizing action. The importance of this fact in studying the mechanism 
of the reaction will appear in view of the observation of Medvedevf that 
small amounts of hydrochloric acid considerably raise the yield of 
formaldehyde in the catalytic oxidation of methane. 

Chlorine in much smaller quantities has at first an anticatalytic effect 
(fig. 7), but addition of more than 10 mm. of chlorine reverses the effect, 
possibly due to hydrochloric acid formed by the interaction of methane 
and chlorine. 

Iodine has been shown by Bone and Allum to increase the velocity of 

* Naylor and Wheeler, ‘ J. Chem. Soc.,’ p. 1427 (1935). 
t ‘ Trans. Karpov. Inst. Chem.,’ No. 3. p. 54 (1924) ; No. 4. p. 1 17 (1925). 




515 


The Kinetics of the Combustion of Methane 

the slow reaction at 447“ C., and to remove the induction period. In the 
present work, addition of considerably smaller amounts of iodine (0*1%) 
had no effect on the main reaction velocity, but reduced the induction 
period from three minutes to one minute at 460° C. At higher tempera- 
tures, on the other hand, iodine was found to act as a powerful anti- 



Fia. 7 — Effect of Cli on ignition temperature. Concentrations; ICH 4 ] = [OJ 
100 mm. at 500° C. 



Fk». 8 — Effect of iodine on ignition temperature. Concentrations: [CH«] = [Oil = 
100 mm. at 300° C. 

catalyst, as shown by the curve of fig. 8, the ignition temperature of the 
methane oxygm mixture being raised 100° C. by 0*1 mm. of iodine. 

The effect of small amounts of formaldehyde on the slow reaction at 
550° C. was investigated. A pyrex reaction vessel 27 mm. in diameter 
and an equimolecular methane oxygen mixture at a total pressure of 200 
mm. were used. The final steady reaction velocity attained was in no 
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way affected by the addition of up to S mm. of formaldehyde, but the 
induction period was progressively reduced and practically disappeared 
with the addition of 2 mm. of the aldehyde (fig. 9). 


Discussion 

The results described may be summarized as follows : 

(1) In the neighbourhood of 480“ C., the reaction between methane 
and oxygen exhibits a marked induction period during which no appreci- 



able change of pressure occurs. This is followed by a pressure increase 
in the system which reaches a steady maximum rate given by : 

Rate = ik[CH«]*[OJP, 
where P is the total pressure. 

(2) The magnitude of ^ in the above expression is strongly dependent 
upon the catalytic activity of the surface of the vessel, while for small 
diameters, a marked dependence upon the linear dimensions of the reaction 
vessel is superimposed. 

(3) The reaction is almost completely inhibited by packing the reaction 
vessel with small diameter quartz tubing, as was shown by Fort and 
Hinshelwood. 

(4) Ignition occurs by a thermal process when the velocity of the slow 
reaction reaches a sufficiently high value for the system to become self- 
heating. 
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(5) Carbon monoxide, carbon dioxide, and water vapour have no 
appreciable influence on the velocity of the slow reaction other than that 
normally obtained with an inert gas. 

(6) Hydrochloric acid has a sensitizing action in reducing the ignition 
temperature. 

(7) Chlorine at low pressures inhibits the reaction, but at high pressures 
catalyses it. 

(8) Iodine has a marked anticatalytic effect in the neighbourhood of 
the ignition temperature. At lower temperatures it has a slight effect 
on the slow reaction velocity, but brings about a large reduction of the 
induction period. 

(9) Addition of small amounts of formaldehyde removes the induction 
period of the slow reaction, as was also found by Bone and Allum,* but 
does not alter the maximum velocity of reaction. 

To these data may be added some important results obtained by other 
workers. 

(10) Nitrogen peroxide has a strong sensitizing action, 1 or 2% reducing 
the ignition temperature by more than 100° C.f 

(11) Hydrochloric acid catalyses the production of formaldehyde in 
the calalytic oxidation of methane. ^ 

S/ow Reaction— The marked induction periods, followed by the gradual 
increase in the reaction velocity, the catalytic effect of small quantities of 
nitrogen peroxide and other substances, and the inhibiting effect of 
traces of iodine and chlorine at high temperatures, all indicate that a 
chain mechanism is involved, and the remarkable increase in velocity 
produced by the addition of inert gas shows that the active chain carriers 
are destroy^ at the surface. Fort and Hinshelwood pointed out that the 
form of the pressure-time curves is such as to suggest that the main 
reaction is developing from some intermediate whose concentration is 
tending towards an equilibrium value at which the rates of production 
and removal are equal, and Semenoff further showed how the develop- 
ment of the maximum velocity from zero in the space of minutes could 
be interpreted in terms of a branching chain mechanism of the type 
termed degenerate. According to these ideas, we must conclude that in 
the present instance methane is oxidized by a straight chain with the 
production of a comparatively stable intermediate, which by its subse- 

• • Proc. Roy. Soc.,’ A, vol. 134, p. 578 (1932). 

t NorrWi and Wallace, ‘ Proc. Roy. Soc..’ A, vol. 145, p. 307 (1934). 

J Medvedev. ‘Trans. Karpov. Inst. Cfaem.,’ No. 3. p. 54 (1924); No. 4, p. 117 
(1925). 
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quent oxidation is capable from time to time of starting fresh methane 
chains. There is thus established a process of delayed branching which, 
if the effective branching factor 0 is positive, will cause a growth of the 
reaction rate. The reaction will first start very slowly from certain 
adventitious centres, but after a period of induction, during which the 
intermediate is growing in concentration, the reaction will proceed more 
and more rapidly until in the absence of other factors the rate would 
tend to infinity by an exponential law. The rate will, however, reach a 
maximum value if an equilibrium (xmcentration of intermediate is reached 
at which its rate of oxidation is equal to its rate of production, and this 
can only occur if the value of ^ is reduced to zero during the progress of 
the reaction. 

The atom chain hypothesis requires but slight modification to take 
into account these requirements. Although immaterial, it is probable 
that the first oxygen atoms are produced from traces of formaldehyde 
formed at the surface, by reactions such as: 

CH4 + O. = HCHO + H,0 
HCHO + O, = HCOOH + O 

H,0 + CO, 

but any other adventitious production of a few oxygen atoms in the gas 
phase will serve as well. Once they are formed, formaldehyde may be 
assumed steadily to increase in concentration by the operation of a 
straight chain of the type; 

O + CH« = CH, + H,0 (IV) 

CH, 4- O, = HCHO + 0, (V) it, 

while from the formaldehyde fresh chains may occasionally start by the 
reaction (III) above. Alternatively the formaldehyde may be removed 
by oxidation without forming a chain, and this will be represented by 

oxidation 

HCHO CO + H,0, (VI) 

since the principal products of the reaction are carbon monoxide and 
water. 

The growth of the formaldehyde concentration is given by the relation : 


(II) A:, 

(III) k. 
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where 0 is the rate of production by the primary process, [F] the con- 
centration of formaldehyde, and ^ [F] the rate of production by the 
branching mechanism. Now, at the beginning of the induction period, 
the velocity is immeasurably small, and the primary process must there- 
fore be negligible in magnitude compared with the process generating 
centres from formaldehyde in the later stages of the reaction. Under 
these circumstances, the term 6 may be neglected, and the concentration 
of formaldehyde will therefore grow according to the relation ; 

[F] Ac**. (3) 

This will increase indefinitely unless the value of ^ is reduced to zero, 
which will then give a point of maximum velocity. According to the 
relation given by Scmenoff, <t> in the present instance will be given by the 
equation ; 

^[F] = ^,(v-l)[OJ[F]-R, (4) 

where v is the chain length of reactions (IV) and (V), and R is the rate of 
removal of formaldehyde by reaction (VI). if> may be reduced to zero 
by reduction of v or an increase in R, and a choice between these two 
possibilities necessitates some assumption as to the mechanism of oxida- 
tion of the formaldehyde. This oxidation is known to occur by a chain 
mechanism, and in view of the fact that the chief products of reaction are 
carbon monoxide and water, and not carbon dioxide, we shall assume 
that at these high temperatures oxidation occurs by a process in which 
the primary step is the reaction of a formaldehyde molecule with an 
oxygen atom, the latter being regenerated in a subsequent link of the 
formaldehyde oxidation chain, together with carbon monoxide. The 
initial reaction will be represented by : 

HCHO + O — ►X (VII) 

and is part of the complete process represented by reaction (VI). Under 
these circumstances, <f> will fall to zero as R increases by the growth of 
the concentration of oxygen atoms in the system. 

We have now a complete scheme explaining the existence of the induc- 
tion period and the slow growth of the reaction to a maximum value, 
and it remains to deduce an expression for the velocity of the slow 
reaction. 

Formaldehyde Equilibrium — ^At the point of maximum velocity, the 
rates of production and removal of formaldehyde are equal. If k, [F][0] 
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be the rate of the straight chain oxidation of formaldehyde, of which 
reaction (VII) is the initial step, then 

i[[F] = zero = ^aCH4l[0] A:JF] [O], • (5) 

neglecting the comparatively small effect of reaction (III)* Whence, 

[FJ-j^nCHJ. (6) 

Oxygen Atom Equilibrium— V iq equilibrium of oxygen atoms is con- 
trollnl by their rate of production and the rate of their removal, which in 
the latter case is considered to occur in two ways : 

1 — ^At the surface 

O + surface = iO,. (VIII) ifc, 

2 — ^At high pressures in the body of the gas, in accord with the fact 
that methyl alcohol is formed in increasing quantities at high pressures, 

O + CH4 + X = CH,OH + X'. (IX) 

Then putting^ [01 = zero, for equilibrium, 
at 

[0,1 = ^ [01 + fc, [CH4I [OIP, (7) 


S being the surface activity per unit area, P the total pressure, 1/P pro- 
portional to the diffusion coefficient of centres through the gas, and d 
the diameter of the vessel. Thus, 


[01 


it,S + A:,[CiH4lt>*rf- 


( 8 ) 


The rate of reaction is given by: 


^JCH4l = *4[CH4lI01 

_ ^jMOyjFUOjiPrf 
kS + kACH^]^d ■ 


(9) 

( 10 ) 


Thus the maximum velocity is attained when the concentration of alde- 
hyde reaches its maximum value, as is readily seen to occur from the 
experimental curves for ethane and ethylene obtained by Bone and his 
co-workers.* 


* Bone, HaSher, and Ranee, ‘ Proc. Roy. Soc.,’ A, vol. 143, p. 16 (1933); Bone and 
HIU, * Proc. Roy. Soc.,’ A, vol. 129, p. 434 (1930). 
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Eliminating [F] from equations (10) and (6), 


d 

dt 


[CH4] = 


W fCH.PfOl.Prf 
k, A:,S + Ar, [CH4] P*rf- 


( 11 ) 


The pressure change in the system occurs as a result of the oxidation of 
the formaldehyde, the production of aldehyde in the chain occurring 
without change of volume. However, the rate of oxidation of aldehyde 
at the point of maximum velocity is equal to the rate of its production 
from methane, so that the latter may be taken as accurately represented 
by the rate of change of pressure. Neglecting the gas phase deactivation 
term from equation (11), as only being of importance at high pressures, 
we obtain 

(, 2 ) 


in agreement with the experimental results obtained on pp. 508, SIO. 

This expression shows how the maximum velocity can vary with the 
catalytic activity of the surface (S), and indicates that the velocity should 
be a linear function of the diameter of the vessel, and though on account 
of the difficulty of standardizing S it is hard to prove the latter, the results 
of Table II show such a variation in a qualitative way. 

One of the most remarkable effects observed in this and in similar 
reactions, however, is the completeness of the inhibition in packed vessels. 
This inhibition is so great that it cannot be produced by the operation of 
the d factor in equation (12). It must be remembered also that this 
equation refers to the maximum velocity, while the effect of packing is 
rather to prolong the induction period to infinity. In our opinion, the 
effect of packing is to reduce the value of <f> in equation (3) to zero or 
some negative value at an early stage, by reducing the value of v, the 
chain length (equation (4) ). For a straight chain, v is proportional to 
<P ; thus it follows that for vessels of a diameter less than a limiting value 
^ becomes negative and the reaction can never develop. This corresponds 
to an infinite induction period, and it is evident that practically complete 
inhibition will result if Ae effective diameter of the packed vessel is very 
small. It seems possible that an explanation of this kind will account 
also for the results of Spence* in the oxidation of acetylene in which a 
similar critical diameter below which oxidation is inhibited is evident. 

Ignition— The evidence presented on p. 513 shows that the process of 
ignition of methane is of a thermal kind. As the pressure of the reactants 


‘ J. Chom. Soc.,’ p. 686 (1932). 
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ia increased, the velocity of the slow reaction is progressively increased 
up to large values, until finally ignition occurs. In agreement with this, 
the induction periods measured to the point of maximum velocity or 
ignition fall on a smooth curve, showing that the process of development 
of the reaction is the same for slow reaction as for ignition. 

As a general condition for ignition, we may therefore write: 

|[CH4l = K, (13) 


where K represents a limiting velocity beyond which the reaction process 
ceases to be isothermal, and becomes self-heating. 

Referring to the coefficients in equation (11), corresponding to 
reaction (111) is the only one which will show marked temperature depen* 
dence. All the others, which refer to processes involving atoms of oxygen 
or free radicals, will probably be but slightly affected by change of tempera- 
ture. The condition for ignition may therefore be written 


K' 


[CH4lMO«]Pife-^ 
k'S -I- [CH«] P»d ■ 


(14) 


At atmospheric pressure, when the second term of the denominator is 
negligible, we therefore have: 


_E 

RT 




(15) 


Thus the ignition temperature is markedly dependent on S the specific 
catalytic activity of the surface, as has been found, and is also seen to be 
the higher the smaller the diameter of the vessel, in agreement with 
observation. The expression is in accord with the experimental equation 
of Sagulin,* 

logp = ^+B, (16) 


where p is the total pressure of a mixture of methane and oxygen of 
-constant composition. 

At high pressures, when the first term in the denominator of equation 
(14) is small compared with the second, the ignition temperatures will 
be given by the equation : 

^■fB = log(^»-j. [0«] . 

• ‘ Z. phys. Chem.,’ B, w4. 1, p. 275 (1928). 
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This gives a falling ignition temperature with rise of pressure, the rate of 
change with pressure falling off towards high pressures, properties which 
have been realized experimentally.* 

Effect of Formaldehyde~lt has been shown above (fig. 9) that while 
successive additions of formaldehyde progressively reduce the induction 
period of the slow reaction there is no elfect on the ultimate velocity. 
This is to be expected on the view that the induction period is concerned 
with the development of the concentration of formaldehyde to the 
equilibrium value which governs the velocity of reaction. Thus addition 
of formaldehyde eliminates the early stages of the induction period, but 
has no influence on the subsequent equilibrium concentration of form- 
aldehyde, which is dependent only on the temperature and concentration 
of methane (see equation (6) ). If, therefore, formaldehyde be added at 
this equilibrium concentration the induction period will be suppressed 
altogether. 

Inhibitors and Catalysts — It has been shown that any factor which 
changes v or fc,, and thus affects the value of ^ (equation (4) ) will have a 
considerable influence on the development of the reaction. It is possible 
that an effect of this character is responsible for the mild catalytic effect 
of hydrochloric acid (fig. 6), while the dual effect of iodine may be 
similarly interpreted. At high temperatures in the region of ignition 
iodine acts as an anticatalyst, a small quantity producing a considerable 
rise in the ignition temperature (fig. 8). At lower temperatures, how- 
ever, in the region of slow reaction, it catalyses the reaction during the 
induction period while having no appreciable effect on the final maximum 
velocity. The exact mechanism of these opposing effects is somewhat 
uncertain, but may readily be explained in terms of equation (4) if it be 
assumed that iodine exerts a catalytic or an inhibitory influence on each 
of the processes represented by the two terms of this equation. Addition 
of iodine will then either catalyse or inhibit the reaction as a whole 
according as the value of ^ is increased or decreased by the combined 
changes in the two terms, and both these possibilities may be realized 
within different ranges of temperature. 

It may be said that the kinetic results previously established, together 
with the new results presented in this paper, are in accord with the chain 
mechanism previously suggested, modifi^ to take account of the theory 
of degenerate branching. 

Note on Recent Work — Since the completion of the manuscript for this 
paper, two papers dealing with the combustion of methane have appeared 
• Townend and Chamberlain, ‘ Proc. Roy. Soc.,’ A, vol. 154, p. 95 (1936). 
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which may briefly be discussed in the light of the present theory. Bone and 
Gardner* have investigated the combustion of methane, and also the 
combustion of its possible oxidation products according to the hydroxyla- 
tion theory. Decreasing the diameter of the reaction vessel over a twofold 
range retarded the slow reaction, in qualitative agreement with our work. 
The concentration of formaldehyde present was measured at various 
stages during the reaction. It was found to increase during the induction 
period and reach a steady value at the point of maximum velocity, which 
is an essential feature of the mechanism adopted in the present paper. 
The fact that very little formaldehyde was detectable during the first half 
of the induction period is just what is to be expected on the theory of 
degenerate branching, since the growth in concentration of the form- 
aldehyde is of an exponential character, and the rate vanishingly small 
in the earlier stages. If, on the other hand, methyl alcohol is formed in 
any measurable quantity during these earlier stages, as is considered 
possible by Bone and Gardner, there would be a reduction of pressure 
which is not observed in practice. It is also of great significance that the 
addition of small amounts of formaldehyde progressively reduces and 
finally removes the induction period, whereas the addition of considerably 
larger amounts of methyl alcohol, as Bone and Gardner have shown, while 
reducing it does not remove it, in confirmation of the view that the essential 
preliminary to the development of the reaction is the initial formation of 
formaldehyde. If methyl alcohol be added, the formation of form- 
aldehyde is obviously facilitated and the induction period reduced, but 
since time is required for the oxidation of the alcohol, the induction 
period can never be completely eliminated. 

In a second paper, Newitt and Gardnerf have shown that methyl 
alcohol in quantities comparable with the formaldehyde may be isolated 
during the combustion of methane at pressures of the order of one 
atmosphere if the gas mixture be drawn through the pores of a hot porce- 
lain tube at the centre of the reaction vessel. The difference in experi- 
mental technique required to obtain this result indicates that the catalytic 
production of methyl alcohol at a surface may occur, quite possibly as a 
preliminary to the formation of formaldehyde; but this evidence can have 
no bearing on the origin of formaldehyde in the homogeneous chain 
reaction. In the experiments of Newitt and Gardner the length of the 
chains in the pores will be cut down to negligible dimensions, while the 
primary surface reaction will be enormously increased. Thus while 
methyl alcohol may precede the formation of formaldehyde at the surface 
• ‘ Proc. Roy. Soc,,’ A. vol. 154, p. 297 (1936). 
t • Proc. Roy. Soc.,’ A. vol, 134, p. 329 (1936). 
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this will in no way affect the explanation given above, for there is no 
evidence that it plays any part in the main chain propagation which 
constitutes the homogeneous oxidation process. 

The authors desire to express their thanks to the Royal Society and 
to Imperial Chemical Industries, Ltd., for grants which have made this 
work possible. 


Summary 

The kinetics of the combustion of methane have been investigated 
with particular reference to the stow reaction. The velocity of the re- 
action has been found to be proportional to the square of the concentra- 
tion of methane and the first power of the concentration of oxygen, and 
approximately proportional to the total pressure. The effect of surface 
has been examined and the almost complete inhibition of the reaction in 
packed vessels confirmed. Ignition has been shown to be a thermal 
process consequent upon the attainment of a critical reaction velocity. 
The inhibiting and catalytic properties of various added substances have 
been determined by their effect on both the slow reaction and the ignition 
temperature. A kinetic mechanism for the combustion of methane has 
been proposed, based on the atom chain theory originally suggested by 
one of us and modified to include the phenomenon of degenerate branch- 
ing, and has been found substantially to represent the experimental data. 
An explanation of the complete inhibition of certain reactions by packing 
or reduction of vessel diameter is advanced. 
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The Forces on a Circular Cylinder Submerged in a 
Uniform Stream 

By T. H. Havelock, F.R.S. 

{Received 18 August, 1936) 

1 — Although many investigations have been made on the wave resistance 
of submerged bodies, no case has been solved completely in the sense of 
taking fully into account the condition of zero normal velocity at the 
surface of the body. The simplest case is that of the two-dimensional 
motion produced by a long circular cylinder, with its axis horizontal and 
perpendicular to the stream, submerged at a certain depth below the 
upper free surface. This problem was propounded many years ago by 
Kelvin, and it was solved later, as regards a first approximation, by 
Lamb ; in that solution the cylinder was replaced by a doublet, and the 
effect of the disturbance at the surface of the cylinder was neglected. 
Applying the method of inuges, I examined a second approximation, f 
and also by the same method obtained a first approximation for the 
vertical force on the cylinder. $ 

Although the problem is not in itself of practical importance, it seems 
of sufficient interest to obtain a more complete analytical solution, and 
this is given in the present paper. The solution contains an infinite 
series, whose coefficients are given by an infinite set of linear equations; 
expansions are given for the coefficients in terms of a certain parameter, 
and corresponding expressions obtained for both the wave resistance and 
the vertical force. Numerical calculations have been made from these 
for various velocities and for different ratios of the radius of the cylinder 
to the depth of its axis. These confirm the general impression that the 
first approximation is a good one over a considerable range. The effect 
of the complete expressions appears in an increase in the wave resistance 
at lower velocities and a slight decrease at high velocities; this may be 
'described as due largely to a shifting of the maximum of resistance 
towards the lower velocities, an effect which might have been anticipated. 

The similar three-dimensional problems of the submerged sphere, or 
spheroid, are of more practical interest, as the first approximations which 
I have given for these cases have had certain applications in ship resis- 

t • Proc. Roy. Soc.,’ A, vol. 115, p. 268 (1926). 
t ‘Proc. Roy. Soc.,’ A, vol. 122, p. 387 (1928). 
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tance; the corresponding extension of the solutions would require more 
complicated analysis than for the two-dimensional case, but it seems 
probable that the general deductions on the range of applicability of the 
approximate formulae would be of a similar character. 

2 — Consider the two-dimensional fluid motion due to a fixed circular 
cylinder, of radius a, placed in a uniform stream of great depth, the axis 
of the cylinder being at a depth / below the undisturbed surface of the 
stream. Take the origin at the centre of the circular section, with Ox 
horizontal and Oy vertically upwards, and suppose the stream to be of 
velocity c in the negative direction of Ox. We write the velocity potential 
of the motion as 

lf> = CX + <f>0. (1) 

To obtain a solution which gives regular waves to the rear of the cylinder, 
we adopt the hypothesis of a frictional force proportional to the deviation 
of the fluid velocity from the uniform flow c, thus introducing a coefficient 
(4' which is made zero after the various analytical calculations have been 
effected. The pressure is then given byt 


E == const - gy + ft' ^0 - i?*. (2) 

P 

If T) is the surface elevation and we make the usual approximation for 
small surface disturbances, we have 


c|3 = -4^; 

9x (>y 




(3> 


Hence, from (2), the condition to be satisfied at the free surface is 


0X* 


" 0;' ■ 


‘ dx 


y=A 


(4) 


where = gl<^, and ft = ft'/c. 

We may regard as made up of two parts, one part having singu- 
larities within the circle r = a, and the other having singularities in the 
region of the plane for which y>f. The first part is the potential of a 
system of sources and sinks, of total strength zero, within the circle, 
and can clearly be expressed by the real part of a series 


SA,z-", 


( 5 ) 


t Lamb, “ Hydrodynamics,’* 6th Bd., p. 399. 


VM.. a,vn.— A. 


3 N 
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where 2 = x + iy, and the coefficients are comi^ex. Now we have 


Hence, in order to satisfy (4), we write ^0 in the form 

= j“ F (k) die 4- jj G (»e) e‘«+* O'-V) dx, (7) 

where the real part is to be taken, and 

FW=I(-/)«A.^-V(«-1)!. (8) 

1 

Putting (7) in (4), we obtain 

(9) 

K — •+• l(i 


With this value in (7) the surface condition is satisfied. Further, we may 
change the sign of i throughout the second term of (7), and we obtain 

= r F (if) c'*--** - r F* (k) e-‘**+* dx, (10) 

Jo Jo ~ *^0 — 

where the real part is to be taken, and the asterisk denotes the conjugate 
complex quantity. It may be noted that this method of satisfying the 
condition at the free surface is quite general, and independent of the 
form of the submerged body. 

It is convenient for the present problem to alter the notation slightly 
from (8), and we write 

F(K)=-/cfly(K) 

/(if) = b, + b^iKd) + ^(w)« + {Kdf + ... 

Further, the expression (10) is a function of the complex variable z; 
hence we have for the complex potential function w, or ^ 

w = cz - fcfl* r /(if) dK - r /•(if) dK, (12) 

Jo Jo ~ 'to — *1* 

this being in a form valid in the liquid in the region y > 0, it also being 
noted that ultimately [t is to be m^ zero. 

3— We have now to detomine the function /(k) so as to satisfy the 
condition 8^/dr => 0 for r => a. For this we turn the second term in 
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(12) back to the form (S); it gives, with the form (11) for /(k), the 
series 

(13) 


Further, the last term in (12) represents the potential of image sources 
and sinks in the region of the plane for which y^f, and hence it can be 
expanded in the neighbourhood of the circle \z \= a in a series of 
ascending powers of z. Thus we obtain w in the form 


w = const + cz + Sea* z~* + S B, z", 

B, = ca* r /* {k) Jk. (14) 

nlJo'f — »fo — 

With the potential in the form 

u> = const + £ (C,z" + D^z""), (15) 


the condition of zero normal velocity on the circle | z | = a is satisfied, 
provided 

D„ = a** C*,. (16) 


Hence, from (14) we obtain the equations 


'fo + »> 


n\ Jo K - K, + /[i 


( 17 ) 


These relations, with (11), may be expressed in the form of an integral 
equation satisfied by the function /( ko); it is easily found to be 


v*f(v) = n*- JJ e-*'-" «*/(«) Ii (2 VJ^T) du, (18) 

where y = k^, Ii is the modified Bessel function, and the limit of the 
integral is to be taken as the positive quantity, (x approaches zero. 

For purposes of calculation, we use (17) as a set of linear equations for 
the coefficients A©, * 1 , • We write 


a N 2 



530 T. H. Havelock 

Substituting the power series (11) (or /( k) on the right of (17), we obtain 
the infinite set of equations 

boil + ?iY*) + gt-fb, + 9^bo + ^b,+ ... = 1 1 

- 0 

From the integral expression for 9. given in (19), and also the fact 
that fl//< 1, it can readily be shown that the infinite determinant formed 
by the coefficients of bo, b^, .... on the left of (20) is convergent. 
Evaluating the expression (19) and putting 

gn = r^~ is, (21) 

we find 

^ + 2 (- - + ... + 1 - e- /» (e*)) , 

s=2^e-\ (22) 


where a — Ikq/, and // denotes the logarithmic integral. 

For any given values of a,/ and c, we have in (20) a set of equations for 
the b's with complex numerical coefficients. 

Although expansions in terms of other parameters may be more suit- 
able for special ranges, it is convenient to assume that the coefficients b 
can be expanded in power scries of the quantity y, that is icjo. These 
expansions will be of the form 

ho =•- 1 + ho*Y* + ho«Y* + hooY* + 
bt = hi,r* + hi»T* + hirY^ + ... 

hi = h,4Y* + hjoY* + hjoY* + - 


Substituting in (21) and collecting the various powers of y> the new 
coefficients may be found to any required stage. For the calculations 
which follow, it was found sufficient to obtain the results : 

hoi = ~ 
ho4 = 
ho. 

boo = 9i* + tW.* 




The Forces on a Circular Cylinder 


531 


*010 = - 9i® + - ^*<ti - iV9i<7«(7» + 

*1* = ~ 4^1 

*1# == 

*17 ~ 

*10 == - 4^1® + - i<7i9i?3 + 

*111 = -T - k/^a + ^i<7a® - I'l^^i^a?* + oUq'Wo 

*84 = — ^a 

*20 = Jr9i9a 

*28 = - -i9i*<7a + iVi'a?! 

*38 ” - T^W4 

*37 = if 4 91^4 

*40 — — I'srufZv (24) 

4 — Consider now the forces acting on the cylinder per unit length. The 
pressure is given by 

/i/p -- const -gy- W- (25) 

The term in gy gives the usual buoyancy, equal to the weight of displaced 
liquid, as part of the vertical force on the cylinder. Apart from this 
term, let X, Y be the resultant horizontal and vertical forces on the 
cylinder in the positive directions of Ox, Oy. Then, by the Blasius 
formula, we have 

X-iY = ipi(j)(^)*</r, (26) 

taken round the circle \z\~ a. 

We note Uiat —X will be the force known as the wave resistance, 
while Y is the addition to the upward force of buoyancy arising from the 
fluid motion. The value of the integral in (26) is 2tu times the residue 
of the integrand; with w given in the form (IS), and, using (16), this 
gives 

X - /Y = 27ipS D, (27) 

Using (14), we have the result 
X-iY=- 27tpc«fl/ {1 •2*o**i + 2-3bJ>*, + ... 

+ n{n+l)b^.,b\+ ...}. (28) 

This may be ei^ianded in powers of y, that is of kqU, by substituting from 
(23) and (24), the results given there being sufficient to include the term 
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in Using the notation of (21), and separating out the real and 
imaginary parts, we obtain, after some reduction, 

- X = 47r*pc«o [1 - 2r, - (r, - ir,' + 

- (4ri* - r,* - 2rir, + ir, - 4riS* + s*) {ic^y 

+ {Sr/ - 3r,rj* - 3^^* + ir,* + \ry + + iv, - 7 V ''4 

- (10rj» - 3ri - 3r. + A) ^* + (29) 

Y = Ajz^a {K^y [-Jr, + rjr, (K^y + J(r,r, - 3riV, + r,r*) {x^y 

+ (2riV, - ir,> - rir/a + A ^a^4 + - 2rir,5^ {k^y 

+ {kr^ry - W't - \rj-y + Wv. - l'‘i*'-4 - ¥xrjri + ttV4/-5 

+ (5ri*r , — J/ir , — Jr/, — l|r, + J /*, — Jr, + A) ■** 

-/•»y‘}(^«fl)'’+..], (30) 

with r„ 5 given by (22). 

The first term in (29) is the expression for the wave resistance of a 
circular cylinder which was obtain^ by Lamb. The first term in (30) is, 
after putting in the value of r, from (22), the first approximation for the 
vertical force which I obtained by the method of images in the paper 
already quoted. 

5 — It is of interest to obtain the wave resistance, which should be equal 
to ~X, from considerations of energy applied to the regular waves 
behind the cylinder. The current function <j> is given by the imaginary 
part of the expression (12). Putting y =/4- ij, we obtain at once the 
complete expression for the surface elevation as 

7] = /fl* r/(K) dx + io* r f* (if) dx, (31) 

Jo Jo x~ X^ — l[l 

where the imaginary part is to be taken, /( k) is given by (1 1), and jx is to 
be made zero ultimately. This expression separates into two parts, a 
local disturbance 7]i which decreases with increasing distance from the 
cylinder, and a system of regular wav^ 7 ), to the rear, that is, for native 
values of x. Ilie latter part is found, by methods familiar in these 
problems, to be given by 

7i,= -47ric/,y(ifo)e-‘*^-«-^, (32) 

the imaginary part to be taken. 

If A is the amplitude of the r^ular waves at a great distance behind the 
cylinder, the wave resistance R is given by 
R^tepA*. 


( 33 ) 
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Hence from (32) we have 

R = (34) 

With 

/(,Co) = M + |l (/.ofl)* + ... , 

and with the equations (20), it could presumably be shown that (34) is 
the same as the real part, with sign changed, of the expression (28). 
However, it has been used here simply to verify the previous expansion ; 
substituting from (23) and (24) we obtain from (34) the same result as is 
given in (29). 

6 — ^We may now examine the expressions (29) and (30) numerically. 
It is easily seen that if the ratio ajf is small, the first term in each case 
gives a close approximation at all velocities. Further, the ratio of the 
second term to the first in (29) and in (30) is that is 

-i^{l+2«-2«*e-//(e*)}, (35) 

with « = 2k^ == 2g//c*. 

The quantity in brackets in (35) approaches the value — 1 as c becomes 
zero and the value + 1 as c becomes infinite. It has a maximum negative 
value of — 2'57 at a = 4*5 approximately, and a maximum positive 
value of 1 -9 at about « = 0-6. Hence the effect of the second approxi- 
mation in (29) is to increase the wave resistance at low velocities and to 
give a rather smaller value at high speeds. 

Taking u//= i, as a moderate value of this ratio, and calculating the 
resistance from (29), it is found that the value docs not differ by more 
than about 9% of the value of the first approximation at any velocity. 
As an example of the numerical values in this case, for a — 6, that is for 
c = 0*58 llic following are the values of the successive terms in 

the expansion in square brackets in (29) : 

1 -f 0 0746 + 0 0134 + 0 0015 + 0-0001. 

Another case which has been worked out in some detail is ajf = this 
being d^nitely outside the range of the first approximation for the most 
part. Numerical values were calculated for both X and Y for « = 8, 6, 
5, 4, 3, 2-5, 2, and 1. On account of slower convergence of the series at 
the higher values of a, an ratimate was made of the next term beyond 
those shown in (29) and (30). The results are shown in fig. 1. 

The curves R and Y are the wave resistance and vertical force calculated 
from (29) and (30) ; Ri, Yi are the curves given by the first approximations, 
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that is by the first term in (29) or (30). The unit of force in each case is 
n;pa*, that is the weight of liquid displaced by the cylinder per unit length. 
It should be noted also that, in addition to the vertical force Y, there is the 
usual hydrostatic buoyancy. The curves for the wave resistance show 
clearly the increased values at lower velocities and also the displacement 
of the position of maximum resistance, the latter occurring at a lower 
speed than the value ^^(gf) given by the first approximation. 



Summary 

A solution is given for the two-dimensional wave motion due to a 
circular cylinder in a uniform stream, taking fully into account the con- 
dition at the surface of the cylinder. Expressions for the horizontal and 
vertical forces on the cylinder are obtained in the form of infinite series 
in ascending powers of a certain parameter. Numerical calculations are 
made from these and compared with the known first approximations. 
The main effect of the additional terms upon the wave resistance is to 
increase the calculated value at low velocities and to decrease it slightly 
at high velocities. 
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The Oscillations of the Atmosphere 

By Harold Jeffreys, F.R.S. 

With a Note by Professor G. I. Taylor, F.R.S, 

(Received 3i August, 1936) 

In a paper with the above title* Professor G. 1. Taylor offers some 
criticisms of a paper of mine on the winds produced in the atmosphere by 
differences of temperature and humidity. As they seem to depend in 
part on a misunderstanding, and as other meteorologists have expressed 
analogous difficulties to me in conversation, I think some further 
explanation is desirable. 

My problemf was to find the periodic winds associated with a given 
periodic variation of temperature or of virtual temperature, the latter 
being a modification of the actual temperature to allow for the effect of 
humidity on the density. In these conditions we have as unknowns the 
three components of velocity and the density ; given the density and the 
virtual temperature, the pressure is known. Thus we have four un- 
knowns, which satisfy the three equations of motion and the equation of 
continuity, and the problem is therefore determinate. It is necessary to 
notice that the virtual temperature is taken as known from observation 
as a function of position and time. 

If the temperature were taken as unknown and to be found from the 
rate of supply of heat to the atmosphere, a further equation would be 
needed to express the changes of temperature due to receipt of heat, 
transfer by radiation, turbulence, conduction, and adiabatic changes of 
pressure. My problem was framed to avoid this necessity, because the 
temperature is better known than the magnitudes of the various terms 
that would be needed in such an equation. But this device, while con- 
venient for dealing with winds, makes the method inapplicable to free 
oscillations of the type treated by Taylor. If in my equations the 
variation of temperature is put equal to zero, we shall obtain a soluble 
problem, and there will be a calculable set of free periods analogous to 
those of a uniform ocean covering the earth. But these will be the 
periods of oscillations such that the temperature does not change at any 
point during the motion ; if, for instance, new air rises to a place, heat 
must be lost to or brought in from the outside in just such amount as 

• ‘ Proc. Roy. Soc.,' A, vol. 156, pp. 318-326 (1936). 
t ‘ Quart J. R. Met. Soc.,’ vd. 52, pp. 85-88 (1926). 
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will neutralize the change of the local temperature due to the convective 
terms and the adiabatic expansion. Such a condition has no obvious 
application, and in any case is not satisfied in Taylor’s problem, for he 
adopts (equation (13) of his paper) the adiabatic equation of state, thus 
assuming no exchange of heat with the surroundings. Thus it need not 
have been expected that the equivalent depth in my solution would have 
any application to Taylor’s problem. My equations would be true in 
Taylor’s problem, but the change of virtual temperature at any point 
would be, not zero, but a function of the vertical displacement of the air 
there, and the presence of this term would alter the free periods. When 
the displacement is isothermal, but the initial state is not, there will 
still be a term of this kind. 

Taylor objects (p. 325) that I have neglected wdjdz when operating on 
quantities that do not vanish in equilibrium. This is not so ; it is neglected 
in the equations of motion, where it gives only a second order error, but 

in the equation of continuity the corresponding term (pw) is written 

exactly (equation (6) of my paper). On integration with regard to 
z, however, it makes no contribution to (8) since pw vanishes for z » 0 
and z = 00 . 

I should mention that the device used to obtain the term on the right 
of my (1 5) is wrong, and has been corrected by C. A. Coulson. * The correc- 
tion appears to improve the agreement with observation, but an accurate 
test would require more knowledge of the annual variation of upper- 
air temperature than I possess. 

Note by Professor G. /. Taylor. 

Dr. Jeflfreys’s note clears up a difficulty several people have felt in 
regard to his paper, and I readily admit that my criticism was based on a 
misunderstanding, and was quite unjustified. 

Dr. Jeffreys’s assumption that the temperature at a fixed point in 
space remains unchanged during an oscillation has enabled him to derive 
an equivalent height in the form of an integral through the height of the 
’atmosphere, but this equivalent height has little connexion with the free 
oscillations of the atmosphere. 

That it is not possible to use such integrals, giving equivalent heights in 
osculating the free oscillations of the atmosphere, has not always been 
understood. Chapman, Pramanik, and Topping,t for instance, quote 

• ‘ Quart. J. R. Met Soc.,’ vol. 57, p. 161 (1931). 
t ‘ Beitr. Geophys.,' vol. 33 (1931). 
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Jeffreys’s integral as being applicable when the changes are isothermal and 
another integral as applying in the case of adiabatic changes. As Dr. 
Jeffreys points out in his note, his integral does not apply to isothermal 
changes but to cases where the air immediately assumes the temperature 
of the point in space to which it moves. The other formula (equation 
(6) ) quoted by Chapman, Pramanik, and Topping as applying when the 
changes are adiabatic must rest on some mathematical fallacy, for in 
my paper to which Dr. Jeffreys refers I have shown that though equi* 
valent depths exist which are significant in relation to the free oscillations 
of the atmosphere, they are not expressible as definite integrals through 
the height of the atmosphere. 


Correlation Measurements in a Turbulent Flow 
Through a Pipe 

By G. I. Taylor, F.R.S. 

(Received 31 August, 1936) 

Measurements of the correlation between the velocity at pairs of points 
in a turbulent stream flowing between two planes 24-6 cc. apart (i.e., 
a two-dimensional pipe) have been made by Reichardt. 

Reichardt’s first measurements were made by estimating the ratio of 
the diameters of the elliptical area blackened on a photographic plate by 
a spot of light, which moved so that the velocity variations at the two hot 
wires caused the spot to move in two perpendicular directions over the 
plate. This metiu^ has the disadvantage that unless the blackened area 
is truly elliptical some difficulty must arise in calculating the correlation 
coefficient. The method is also inaccurate when there is very little 
correlation between the velocity variations at the two wires. 

Another method for measuring correlations, also mentioned by Dr. 
Reichardt, consists in passing the amplified disturbances from the two 
hot wires through the two coils of an electro-dynamometer.* This 
method measures Ui and u, being the components of turbulent 
velocity parallel to the mean wind direction at the two points, and UiUt the 

* Si mi la r measurements were also maxle independently by Mr. L. P. O. Simmons. 
See Taylor, •• Statistical Theoiy of Turbulwice,” * Proc. Roy. Soc.,’ A, vol. 151, 
fig. l,p. 445 (1935). 
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mean value of their prod^t. To obtain R, the correlation coefficient, 
it is necessary to measure Wi* and Ui* as well as for 

Reichardt's measurements did not measure correlations below R = 0-5. 

On the other hand, it can be proved that if the correlation between the 
component of velocity at a fixed point and that at a point which can 
take up any position on the same cross-section is considered, there must 
be some positions of the variable point where R is negative. 

In an incompressible fluid the mean flow across each section of a pipe 
is constant at all sections down the pipe, so that any temporary departure 
from the mean velocity over any section must occur simultaneously at all 
sections. To produce variations of this type it would be necessary to 
apply a pressure difference between the ends of the pipe which varies 
with time. In flow under a steady pressure difference, therefore, there can 
be no time variations in the mean flow across a section. Now suppose 
that the correlation R has been measured between the component, Ux, 
at a fixed point P, and Ut at a variable point Q on the same cross-section. 
Since the mean flow across the section is constant with regard to time 

|(U -i- M|) dydz = const = | U dy dz, (2) 

where U is the time mean of the velocity at the point Q whose coordinates 
are (y, z) and the integration extends over the whole cross-section of the 
pipe. At any instant, therefore, 

j«,dy<fe = 0, (3) 

and therefore 

Ux j u, dy dz ~ 0. (4) 

Since Ux is a constant so far as integration over the cross-section at any 
.instant is concerned, (4) may be written 

juiUjofyi/r = 0, (5) 

and since (5) is true at every instant, the integral of (S) over an interval of 
time T is zero, thus 

\\}[\'*i}*tdydz^dt=-Q. 


( 6 ) 
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Changing the order of integration and remembering that when T is. 
large, 

is the mean value of UiUg (6) becomes 

j uJT, dy dz = 0, (7> 

writing for VjJJ* and «'* for VmJ, and bearing in mind the definition 
of R contained in (1) it will be seen that (7) may be written 

u\ j Ru't dy dz = 0, 
or 

^Ru'^ydz^O. ( 8 > 

Since u\ and u'l are necessarily positive quantities, it is clear that negative 
as well as positive values of R must occur in the section. 

Application to a Circular Pipe— The simplest case to which (8) can be 
applied is that of a circular pipe. If the fixed hot wire is placed in the 
centre, and the values of R are measured at various distances r of the 
variable hot wire from the axis of the pipe, then (8) becomes 

\\\Rrdr==0, (9> 

Jo 

where u'r is the value Vj? radius r, and a is the radius of the pipe. 

It seemed worth while to verify this result by making measurements of 
R and u'^ for various values of r. Measurements of this kind have been 
made recently by Mr. L. F. G. Simmons, of the National Physical Labora- 
tory, in a wind tunnel. Accordingly, at my request he made similar 
measurements in a circular pipe. 

New Method for Measuring R — Before discussing the experimental 
results a new method for measuring R must be described. It has been 
mentioned that the method so far adopted consists in using two com- 
pensated amplifiers, one for each hot wire, and then passing the amplified 
disturbances throu^ an electrodynamoniwt^ Three consecutive mea- 
surements must be made in order to get u^, and If H is very 

nearly equal to 1 0 (/.c., when the two wires are close together) the small 
differences between R and 1 -0 are very sensitive to small changes in the 
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measuring apparatus, >yhich may occur while the three sets of measure* 
ments are being made. Since the wires used are only 0’0002 cm. dia- 
meter and 1 mm. long, particles of dust accidentally adhering to them may 
cause considerable changes in their calibration. An error of 1% in R 
will be produced by an error of 1% in any one of the three dynamometer 
measurements, and if these measurements are taken when, say, R = 0-98 
the error in 1 — R will be 50%. 

For cases where R is nearly 1 *0 a new method is desired which gives 
1 — R directly. Such a method will now be described. 



The arrangement of the circuits is shown in hg. 1. The steady current 
through each hot wire (A and B, fig. 1) is balanced out in the ordinary way 
by means of bridges and galvanometers (not shown in fig. 1). The two 
bridges are connected together at the points D, F. Thus the mean 
potentials at C, D, F, E are identical. 

A speed variation Ui at hot wire A produces a potential £i, between C 
and D which is proportional to Ui and similarly a variation u, at B pro- 
duces a potential E, in FE proportional to u,. Thus 


R = 


EiE. 


(Ei*)»(E,*)* 


( 10 ) 


The points C and D (fig. 1) and also E and F are connected by means of 
.potentiometer wires (or other equivalent resistances) which can be divided 
at the points P and Q. The potential difference between P and Q is fed 
into the input side of a compensated amplifier, the output of which is 
coimected to an alternating current voltmeter (M, fig. 1) or other apparatus 
for measuring the mean square value of a variable potential. 

It will be seen that if ^e indications of the hot wires A and B are 
exactly proportional to one another, as they are when R = 1 *0, positions 
of P and Q can always be found such that the potentials of P and Q 
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remain equal to one another, even though the potential differences between 
C and D and E and F are fluctuating. By adjusting either P or Q while the 
other is fixed, it is therefore possible to get zero deflexion in M when 
R= 10. 

On the other hand, if the indications of the hot wires are not exactly 
proportional to one another, R is not exactly equal to 10, no 
possible positions of Pand Q will be found such that no current 
passes through M. If, however, R is only slightly smaller than l-O 
there will be a sharp minimum value of the deflexion in M which will 
indicate how far the indications A and B are from being perfectly correlated. 

Theory of the Method— M a represents PD/DC, p = FQ/EF a and 

P are the ratios into which the potentiometer wires are divided) the 
potential difference applied to the input of the amplifier is 

aEi - pE„ 

and its mean square value is 

P*E?-2apE;E;. (11) 

Suppose now that with P fixed, Q is adjusted till the minimum deflexion 
is attained in M. This deflexion then measures the minimum value of 
(1 1). The minimum value of (11) as p varies is evidently, when 

p=«EjE;/E?, (12) 

and substituting from (12) in (11) the minimum value of (11) is 



which may be written 

a*Ei«(l-R«) (13) 

in virtue of (10). 

Thus if I| is the minimum deflexion of M as Q is varied, 

Ii = K«*Er*(l-R*). (14) 

when K is the factor of amplification. 

Now move Q (fig. 1) up to the point F and again take the reading, I,, 
of M. This is equivalent to taking p =» 0 in (1 1) so that 

I, = Koc«E?. (15) 

From (14) and (15) 

l-R* = Ii/I^ (16) 

It will be noticed that the quantities which come into (16) are only the 
two deflexions of M, so that only two consecutive readings must be taken 
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instead of the three which are necessary in the electrodynamometer 
method. It may be objected that the determination of a position of Q 
for which the deflexion is a minimum is a difficult matter, because the 
deflexion will probably fluctuate slightly. This is true, but it must be 
remembered that it is Ii, the minimum deflexion as ^ varies, that is 
wanted, and that the deflexion near its minimum value is insensitive to 
variations in 



Fig. 2— Correlation between veloaty at centre and velocity at radius r. • New 
method for measuring 1 — R*; O and x eiectrodynamometer. 


Correlation Measurements in a Pipe 

Mr. L. F G Simmons, of the National Physical Laboratory, has made 
correlation measurements in a pipe 21 inches diameter. He fixed one 
hot wire in the centre of the pipe and moved the other one along a radius. 
r is the distance apart of the wires. For values of r less than 1 /10th inch 
Mr. Simmons us^ the method described above, while for greater values 
of R he used an eiectrodynamometer. 

The results of these measurements are shown in fig. 2 and an enlarged 
diagram showing the individual measurements for r<0‘08 inches is 
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given in fig. 3. The parabola predicted by theory* is shown marked in 
fig. 3, and it will be seen that it fits the observations fairly well. 

Comparison with Present Theory — Returning to fig. 2, it will be seen 
that R is positive when r < 0-6 inches but that when r > 0-6 inches R is 
negative. Thus the observations are in accordance with the prediction 
given above. 



To test the formula (8) it was necessary to measure uV The necessary 
measurements were made by means of the electrodynamometer during 
the determination of R. Fig. 4 shows the measured values of m'. 

Taking the values of u' from the curve, fig. 4 and R from fig. 2, the 
values of u'Rr were found. These are shown in the curve fig. S. It will 
be seen that u'Rr is positive from r = 0 to r~0-6 inches while it is 
negative for /• = 0-6 inches to the wall of the pipe. 

* “ SUOistical Theory of Turbulence,” Parts I and in. 


VOL. CLVn.— A. 
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Taking the areas of the positive and negative points of the curve in 
hg. 5. I find that the contribution to 



/■inches 

Fig. 4— Measured values of u' when velocity at centre is 9-3 ft. per sec. 
from r = 0 to /■ == 0-6 inches is 

+ 0*0098 

while the contribution of the negative point from 0*6 inches to the wall is 
- 0*0097. 

I rRn' dr 
'o 


The negative part of 
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is therefore nearly equal to the positive part, thus verifying the theoretical 
prediction that 

j* rRu' dr = 0. 

In conclusion, I wish to express my thanks to Mr. L. F. G. Simmons 
for supplying me with the results of his measurements. 



Summary 

A new method for measuring R, the correlation coefficient between two 
fluctuating currents, is described. An advantage of the method is that 
the ratio of the two necessary measurements is 1 — R*, so that small 
deviations from perfect correlation can be measured accurately. 

In all correlation measurements in turbulent flow the complexity’ of the 
apparatus is so great that independent verification of the results is desir- 
able. It is proved theoretically that if R is the correlation between the 


2 0 2 
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turbulent component of velocity at the centre of a circular pipe of radius 
a and that at radius r, 

I rRu' dr — Q 

where u’= V u* and u is the component parallel to the axis at radius r. 
This integral forms a useful check on the accuracy of the methods used 
in measuring turbulence. It is verified in measurements made at the 
National Physical Laboratory by Mr. L. F. G. Simmons. 


Fluid Friction Between Rotating Cylinders 
I — Torque Measurements 

By G. I. Taylor, F.R.S. 

{Received August, 1936) 

The stability of fluid contained between concentric rotating cylinders 
has been investigated and it has been shown that, when only the inner 
cylinder rotates, the flow becomes unstable when a certain Reynolds 
number of the flow is exceeded. When the outer cylinder only is rotated, 
the flow IS stable so far as disturbances of the type produced in the former 
case are concerned, but provided the Reynolds number of the flow 
exceeds a certain value, turbulence sets in. The object of the present 
experiments was partly to measure the torque reaction between two 
cylinders in the two cases in order to find the effect of centrifugal force 
on the turbulence, and partly to find the critical Reynolds numbers for 
the transition from stream-line to turbulent flow. 

The apparatus is shown diagrammatically in fig. 1.* 

Description of Apparatus 

The outer cylinder was made of brass turned inside and out. It 
measured 8-11 cm. inside diameter by 84-4 cm. long. The centre 
portion was a brass casting which contained two circular brass trap- 
doors made so that, when in place, they fitted flush with the inside surface 

* This sketdi merely indicates the general nature of the measurements. More 
detail is given in fig. 1, Part 11. 
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without a break. The cylinder was balanced so that it could rotate 
without vibration' and was then fitted centrally on a turn-table which 
ran between two ball-bearing collars and rested on a ball-bearing thrust 



block. This table could either be rotated by means of a tight belt or 
held against friction when the inner cylinder was revolving by a thread 
which ran over an accurately made ball-bearing pulley and was attached 
to a scale pan. 

The inner cylinder was supported on a single steel ball rotating on a 
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flat, hard, bronze end-plate, being kept in position by a plain bearing 
which was lubricated by grease forced in from below. 

The inner cylinder was made of a pile of cylindrical blocks of ebonite 
threaded on a turned steel rod. The blocks were kept in place by circular 
end nuts so shaped that they cleared the bottom and top of the inner 
cylinder by about 1 mm. As the experiments proceeded, the inner 
cylinder was turned down so that an increasing series of thicknesses were 
obtained for the annular space between the cylinders. 

The top of the inner cylinder was slightly conical in shape and the 
cover of the outer cylinder was similarly shaped on its under side. A hole 
was bored horizontally through the cap to the highest point of the cone, 
and this hole was sealed with a needle valve as soon as the overflow began, 
while the apparatus was being filled with fluid. To fill the apparatus, a 
tong funnel was screwed to a cock at the bottom of the outer cylinder. 
It was filled with the fluid while the cock was closed and all bubbles 
allowed to rise to the surface. The cock was then opened and the level 
of the fluid in the funnel was kq)t up till overflow started at the top. The 
needle valve was then clos^ and the cock turned off. The inner cylinder 
was set rotating to free the bubbles at intervals during the filling process. 

The upper bearing between the two cylinders was a greased ball race, 
set between two narrow disks which only just cleared the spindle. 

The upper bearing between the fixed upper support and the inner 
cylinder was a ball-bearing carried on a brass plate. In setting up the 
apparatus the inner cylinder was trued up. The brass plate and ball 
bearing were slipped over the top. The upper fixed support was then 
brought into position so that a hole in it was concentric with the top of 
the inner cylinder. The plate containing the ball-bearing was then fixed 
to the upper fixed support by means of three bolts which held it firm 
against three adjustable pins. In this way the whole apparatus was set 
up true so that the friction between the cylinders when empty was very 
small. 

A driving belt or torque thread could be fitted to the inner cylinder 
in the same way as to the outer oiw. 

To make a measurement, the inner or outer cylinder was driven by a 
tight belt and its speed measured by timing a revolution counter attached 
to it. The torque required to hold the other cylinder in position was 
measured by putting weights in the scale pans (a) till the cylinder was just 
able to move in the same direction as the belt driven cylinder, and (b) till 
it just moved in the opposite direction. The difference between the two 
was due to the friction against fixed supports, so that the friction torque 
between the two cylinders was taken as the mean of (a) and (6). 
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The torque between Ae cylinders is due partly to friction between the 
bearings and partly to fluid friction. The torque was measured both 
when the apparatus was full and when it was empty. The difference is 
due to fluid friction, nearly all of whidi was due to the tangential stress 
on the cylindrical walls, though a small fraction must have been due to 
fluid friction between the top of the inner cylinder and the top of the outer 
cylinder and between the bottom of the inner cylinder and the bottom of 
the outer cylinder. 

Fluids l/sed— The following fluids were used : water, pentane, aviation 
spirit, and various mixtures of glycerine and water. Their viscosities 
depended on the temperature, and they were determined by means of 
calibrated capillary tubes for a range of temperatures. 

The relevant properties at 1 5° C are given in Table I. 

Table I 


Liquid 

Density 

Viscosity 

V 

Water 

1 00 

0 0114 

0 0114 

Pentane 

0 634 

0 0024 

0-00379 

Glycerine and water 

1120 

0 0S24 

0-0468 



1171 

0153 

0-131 

„ . . . . 

1-083 

0-0263 

0-0243 

>■ • • 

1-046 

0-0174 

0-0167 

Aviation spint (18“ C ) 

0 729 

0-00457 

0-00625 

With pentane great precautions were 

necessary to 

ensure that 


apparatus was full and that there were no bubbles. 

Data 

The radius of the torque pulley on the outer cylinder was 9 -78 cm 
The radius of the torque pulley on the inner cylinder was S -01 cm. As an 
example of the action of the apparatus the results of a set of observations 
made with water are given below. 

Outer cylinder diameter 8-11 cm. 

Inner cylinder diameter 7-78 cm. 

W = weij^t of scale pan = 22-5 gra. 

The tension in the thread round the torque arm is 
W + load in pan = Px when the pan is just falling 
= Pt when the pan is just rising. 

The weight which counterbalances the torque due to fluid friction is 
taken to be 


P = i (Px + P|)fuU ~ i (Pi + P 
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G = torque expressed as x (radius of torque pulley in cm.)- 
N = number of revolutions per second. 


Observations 

Outer cylinder rotating, water 

'N = 16, apparatus empty Pj W + 20 
P, = W+ 10 
N = 15-6, apparatus full Pj = W + 170 
" P,=:W+160 

G = 7-38 X Iff' 

G/pN*= 3-03 X 10», N/v = 1-45 X 10». 


[P= 150 gm. 


= 22-4, full P, = W + 350 1 
= 17-5“ C. P, = W + 360 1 
G - 16-23 X 1(P 

G/pN*= 3-2 X 10», N/v = 2-17 X 10». 

= 11 -48. empty P^ = W + 10. 

P, = W+ 0 
= 11-28, full P, = W-f90 
p, = W + 80 
G = 3-94 X 10® 

G/pN* = 3 • 10 X 10>, N/v = 1 -04 X 10». 

= 15-0 P = 145, G = 7-12 X 10®, G/pN« = 3-17 X 10* 
N/v= 1-37 X 10» 


[ P= 330 gm. 


P = 80 gm. 


N = 10-78 P = 75, G = 3-69 x 10®, G/pN* = 3-17 X 10® 
N/v= 1-00 X 10* 

N = 17-65 P = 190, G = 9-33 x 10®, G/pN» = 3-00 X 10® 
N/v = 1 -62 X 10® 

N = 20-55 P = 280, G = 13-7 x 10®, G/pN* = 3-25 X 10® 
N/v= 1-96 X 10® 

N = 22-8 P = 355, G = 17-5 X 10®, G/pN» = 3-36 X 10® 
N/v = 2-23 X 10® 



LogG/pl^ 
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Inner cylinder rotating, water 

’N = 20, empty Pi = O + 30 . 

p, = o+ ol 

N = 211, full Pi = W + 260| 
P, = W+230^ 


245 + W - 15 = 253 gm. 


G = 253 X 981 X 9-78 -= 24-3 X 10* 
G/pN* = 5-45 = 10®, N/v = 1 - 92 X 10». 


N = 17-58 P = 185, G = 17-8 x 10®, G/pN* == 5-75 x 10» 
N/v= 1-58 X 10» 

N = 24-4 P = 323, G= 31-0 x 10®, G/pN® = 5-21 x 10® 
N/v = 7-22 X 10® 

N = 29-7 P = 478, G -= 45-9 X 10®, G/pN* := 5-21 x 10® 
N/v = 2-7 X 10® 



LogNp/n 

Fk). 2— Ri =1 4-05, R|-=3-94. Upper curve, inner cylinder rotating. Loww 
curve, outer cylinder rotating. Full line, calculated critical line for inner cylinder 
rotating. + v = 0131; © v=. 0-047; x v = 0-024; Q v^iO Oll; 0 
V = 0-0038. 


Complete Results 

In representing the results, it must be remembered that the theory of 
Dynamical Similarity demands that for any given pair of diameters 



Log G/pN* Log G/pN* 
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LogNp/(t 

Fw. 3— R, = 4 05, R.= 3 89. + v-013l; © v = 0 047; x v = 0 024; 
□ V = 0 011 ; ® V = 0 0062; <J> v = 0 0038. 



Ro. 4— Ri = 4 03, R, = 3-83. + v = 0131; © v = 0 047: xv = 
□ v = 0 011;O v-0 0038. 


0 024; 






Log G/pN* 


Fluid Friction Between Rotating Cylinders 


553 





LogG/pN* 






Log G/pN» 
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G/pN* must be a function of N/v. In each case, therefore, these two 
quantities were calculated. In figs. 2-9 all the results are represented 
on diagrams giving logio(G/pN*) and logio(N/v). A separate curve is 
given for each diameter of the inner cylinder, namely 7 -89, 7 -78, 7 -66, 
7-48, 7-36, 7 18, 6-91, 6-40 cm. The outer one is the same for all, 
namely, 8-11 cm. The points for both types of measurement, inner 



Fia. 9-R-4 05, R, = 3-20. + v = 0 I31; Ov = 0 047; Xv-i0024; 
□ v = 0-011; (g) v=> 0 0062 0-0038; A glycenneandwater.p => 1-046, 
V = 0-017. 


cylinder rotating and outer cylinder rotating, are given on the same figure. 
The points corresponding with the former case are always above those 
corresponding with the latter except for the lowest values of N/v. When 
there is any possibility of confusion the points are distinguished on the 
diagram. 

In order to see the effect of rotation on the turbulence, the theoretical 
value of G for steady motion was calculated in each case. Since in that 
case G is proportional to N, G/pN* is proportional to 1/N, so that with 
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the logarithmic coordinates of figs. 2-9 this theoretical curve is always a 
straight line at — 4S° to the horizontal axis. The calculated value for G 
is 


P 2n»D,«D,* /^N 

(D, + D^(D,-DJ’ 


( 1 ) 


where Di is the diameter of the outer cylinder, namely 8-11 cm., D| is 
the diameter of the inner cylinder, / is the length, namely 84-2 cm. 

(1) may be written in the form 


log (G/pN*) - log (N/v) = log (2«*/Di«) 

+ log D, - log (D, + DO - log (20 = C, (2) 

where f = ^ (D] — DO is the thickness of the annular space between the 
two cylinders and C represents the right-hand side of (2). 

Table II gives the values of C for the values of D* used in the course of 


the work 

Dt, cm. . 

7-89 

7-78 

Table II 
7-66 7 48 

7-36 

7-18 

6-91 

6-40 

C* 

6-286 

6-10 

5-956 

5-794 

5-708 

5-598 

5-462 

5-256 

t (cm.) .... 

0-110 

0-165 

0-225 

0 315 

0-375 

0 465 

0-600 

0-855 

log(f/Ri) . 

2 433 

2-609 

2 744 

2-890 

2 966 

r 059 

T-170 

T-324 

r/Ri 

0-0271 

0-0407 

0-0555 

0 0776 

0-0924 

0-1146 

0-1480 

0-210 

Number in 
fig. 10 

1 

2 

3 

4 

5 

6 

7 

8 


* See equation (2). 

Inner cylinder used Tor velocity distnbution measurement (see Part II). t/Ri = 0-226. 


Critcrion of TXirbulence 

1 — Outer Cylinder Rotating— \n all the results given in figs. 2-9 it will 
be seen that for low values of N/v the observed values of G/pN* are close 
to those calculated on the assumption that the flow is steady. At a 
value of N/v which depends on the ratio of the radii of the cylinders, the 
observed values of G/pN* begin to leave the straight line which represents 
the conditions in stream line motion. The value of N/v at which this 
takes place is taken to be the critical value at which turbulence sets in. 
In the neighbourhood of this point the flow can be either steady or tur- 
bulent. In general there is a lower critical point below which the flow is 
in all cases steady, and an upper critical point above which the flow is 
always turbulent. At interm^iate points the flow is usually stable if 
the rotation of the outer cylinder is steadily increased through the lower 
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critical point, but a slight disturbance, such as that produced by a shght 
rotation of the inner cylinder in the opposite direction to that of the 
outer one, will make the flow permanently turbulent. 

As an example of the limits found in this way. experiments with the 
inner cylinder 6-40 cm. diameter may be cited. The fluid used was a 
mixture of glycerine and water of density 1 *046. The relevant observa- 
tions are given below ; 

Apparatus Empty 
(P = I0i 

N = 21 Ip ^ I mean 9 gm . 


Apparatus Full 

Speed ^dually |P. " * + J,®} p „ jyj + yj _ , _ 3 , 

Speed increased gradually n -)'» 

N..21.0 + = 

After turning inner cyhn- j Pj = W + 25 •> 
der backwards to start | _ «/ , ^ ' 36 gm. 

turbulence, N - 21 *0 

The points corresponding with these observations are marked with 
points A in fig. 9. The value of log Ut/v corresponding with N = 21 *0 
rev. per sec. is marked at D in fig. U. It will be seen that it is in the 
middle of the range between the points A and B. 

The critical range in which turbulent and steady flow were both possible 
could not always be determined from the torque measurements. A pair 
of glass windows was therefore fitted to replace the brass windows in 
the outer cylinder. The inner surface of the glass was ground to the 
same radius as the inside of the outer cylinder and was fitted flush, so 
that there was no obstruction to the flow. The steel axle of the inner 
cylinder had a hole down the centre so that a thin film of coloured fluid 
could be spread over the inner cylinder.* The upper and lower criteria 
found in this way with the smallest inner cylinder (6*40 cm. diameter) 
are shown in fig. 9, and are marked in fig. 11 by the points A and B. 

* This method is described in “ Stability of a Viscous Liquid Contained B^wem 
Two Routing CyUnders,” ‘ PhU. Trans.,’ A, voi. 223, p. 289 (1923). 
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2— Inner Cylinder Rotating — ^The stabibty of the flow when the inner 
cylinder is rotating was discussed by the present writer* some years ago, 
and it was shown that when the speed of rotation is gradually increased 
instability sets in as soon as the calculated criterion of instability is 
reached. 

This criterion is 

0 652 ij-’. (3) 

(4) 

and t is the thickness of annulus. 

When //Rj is small, P = 0*0571 and Ri + R, may be taken as 2R, so 
that (4) may be written approximately 

<>•0571=- "*(0^)^ (5) 

or 

log t/Ri + 2 log Ut/v = 4 log n - log 0*0571 = 3 *232, (6) 

where 

U = £1R| = 2«NRi (7) 

is the velocity of the outer cylinder relative to the inner one and N is the 
number of revolutions per second. Another expression equivalent to 
(6) is 

[log (N/v)Ut - 0*818 - i log Ri - ^ log t, (8) 

and when Rj = 4*055 this becomes 

Dog N/vU = 0*514-^ log/. (9) 

In most cases the lowest speeds of rotation were above the critical speed, 
but in the cases Dj =--7*89 and = 7*78 cm. the critical value of N/v 
falls within the range of observations. Values for [log (N/v)]„it given 
by (9) are: 

Table III 

Di / [log N/v] rlt 

7*89 0*11 1*93 

7*78 0*165 1*68 

* Loe. cit., p. 318, equation (7.11). In the present paper R, is the outer cylinder 
and Rt the inner, whereas in the papa* here referred to Ri was the inner (blinder and 
R« the outer cylinder. 


^ 7r«v*(Ri + R,) 
- 2£P/*R,* ’ 
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These values are marked by broken lines in figs. 2 and 3. It will be 
seen that they correspond with the points where the observed points leave 
the calculated curves for steady motion. 


Effect of Rotation on Turbulent Stresses 

The effect of rotation on the Reynolds stress which causes the torque 
between the cylinders can be seen by comparing the values of G/pN* at 
the same value of N/v (a) when the inner cylinder is revolving, and (h) 
when the outer cylinder revolves. Up to the critical value in case (a) 
the torque in the two cases is identical for a given, speed of rotation {see 
fig. 2). Above that the torque becomes greater in (a) than in (6). Above 
the critical speed in case {b) the ratio of the torques in (a) and (b) may 
decrease, though that in (a) still remains greater than that in (b). The 
ratio G (case a)/G (case b) may be taken to represent the effect of rota- 
tion on the Reynolds stress in turbulent motion. 

To compare the effects of rotations for various thicknesses of the annulus,, 
the results have been plotted in fig. 10 so as to show log r/pU* as a func- 
tion of log Ut/v for each value of t/Ri. Here t is the tangential stress on 
the outer cylinder, and U = 2 kNRi as before. In fig. 10 the curves arc 
traced directly from figs. 2-9, and in each case the origin shifted by the 
amount necessary to make the curves represent T/pU* and U//v instead 
of G/pN* and N/v. The correspondence between the data given in Table 
II and the numbers of the curves in fig. 10 is given at the foot of Table II. 

The full lines represent observations taken with the inner cylinder 
rotating. The dotted lines with the outer cylinder rotating. It will be 
seen that the full lines arc close together, whereas the dotted lines show a 
rapidly decreasing friction as t/Ri increases. It seems, therefore, that 
rotation does not very greatly affect the Reynolds stresses when the inner 
cylinder rotates, but has a large effect when the outer cylinder rotates. 

The former of these effects might have been expect^ because it has 
been ^own that when t/Ri == 0-49 and the inner cylinder rotates, the 
distribution of velocity is such that over 83% of the thickness of the 
annulus Ur is constant. * In that region, therefore, the effect of rotation is 
likely to be small. The effect of decreasing t/Ri might be expected to 
reduce the proportion of the whole volume of the annulus in which 
Ur constant without affecting very greatly the transition layers close 
to the surfaces of the cylinders. 

* '* Distribution of Velocity and Tonperature Between Concentric Cylinders,'* 
‘ Proc. Roy. Soc.,’ A, vol. 131, p. 494 (1933). 
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Fia. 10— Results compared in non-dimensional form. 


Log (U//v) 
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The distribution of velocity when the outer cylinder rotates will form 
the subject of the second part of this paper. It seems that the distribu- 
tion is then of a type which might be expected to be greatly influenced by 
rotation. 



Fio. 1 1 — Critical speeds. 

Effect of Rotation on Critical Speeds 

The observed upper and lower critical speeds for the case when the 
outer cylinder is revolving are shown in fig. 11. The ordinates represent 
the critical values of log (tU/v) or log (rilRi/v). The upper and lower critical 
values are shown Joined by a line to represent the range of states at which 
the change from steady to turbulent flow can take place. The abscissae 
are log(f/Ri). 

The calculated critical speeds {see equation (9) ) when the inner cylinder 


3 F 2 
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is revolving are also shown, and an experimental point in one case, namely 
when R,= 811, Rj = 7-89, t = O il. 

Comparison with Couette’s Observations on the Critical 
Speed 

The smallest ratio //Ri used in the experiments here described was 
0-0271. The experiments were not carried to a lower value because it 
was thought that if t were less than 1 mm. difficulty would be experienced 
in securing accuracy and uniformity in the thickness of the annulus and 
at the same time preserving sufficient freedom from non-fluid friction 
between the cylinders. The apparatus of Couettc* had a larger radius 
and less length than mine. This is permissible when small values of 
r/Ri are being used, and Couette’s value of r/Ri was only 0-01685. His 
experiments were designed primarily to measure viscosity, but he mea- 
sured the critical speed of the outer cylinder when turbulence set in. He 
found it to be N' — 55-69 rev. per minute at a temperature of 16-3“ C. 

Taking ja = 0-01108 at this temperature, r — 0-2465 cm. R* = 
14-639 cm., [log (Ui)/v]„,t = 3-28, and log(//Ri) = - 1-77. 

The point corresponding with Couette’s experiments is shown in 
flg. 11. It will be seen that it fits in well with the present results. 

Extrapolation to Case of Two Parallel Plates 

The limiting critical value lU/v when r/R, is very small, must be that 
corresponding with the case of two parallel planes distant t apart and 
moving tangentially with relative velocity U. In fact, the critical values 
for the two cases shown in fig. 11 must ultimately coincide for large 
negative values of log I/Rj. If wc consider the course of the upper 
curve (6), fig. 11, it will be seen that it descends rapidly till about 
log r/Ri = — 1 - 3. At that point it flattens out, gradually descending. 
This flat part of the curve (from Couette’s log r/Ri = — 1 -77 to 
log r/Ri = — 1-3) indicates that the critical value of log Ul/v for parallel 
plates must be less than 3 -28, /.e., [Ur/v]crit < 2000. On the other hand, 
it hardly seems likely that the effect of a very minute curvature in the flow 
will be felt, so that it is unlikely that the critical value of Ur/v will fall 
very far below 2000. 

Now consider the lower curve (a), fig. 11. It seems that steady motion 
will break down into cellular vorticesf as soon as U//v exceeds the values 
on the line (a). If, however, this line is produced till it cuts the pro- 

• * Ann. chim. (Phys.),’ vol. 21, p. 433 (1890). 
t Loc. ctt., p. 327. o . 
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longation of (b) it seems certaia that the line will no longer represent the 
critical condition for values of Ur/v which are lower still. In fact, tur- 
bulence due to another cause, the cause which causes turbulence in 
case (h), must now set in before rU/v has risen to the value necessary for 
the cellular vortices. Since the curve (h) is descending slowly towards 
the rising line (a) their point of intersection* must fall in the limited range 
between the points Xj and Xj where the line (a) cuts (1) the prolongation 
of (b) produced as a straight line with the same slope that it had in the 
lowest part of the observed range of //Ri; (2) a horizontal line through 
the lowest observed point on (b), namely log(U//v) = 3-28. In this 
way Xi corresponds with //Ri = 0 001, and Xg corresponds with 
t/Ri ^ 0 00045. 

It appears, therefore, that in order that curvature may have no effect on 
the critical Reynolds number of the flow between concentric rotating 
cylinders, t/Ri must be less than 1/lOOa 

The corresponding limits to the critical value of U//v for flat parallel 
plates are, for X^. tU/v = 1260; for X„ tU/v ^ 2000. 


Comparison with Couette’s Torque Measurements 
In Couette’s apparatus the outer cylinder rotated and the inner cylinder 
was held m position by a load P. Couette measured the number of 
revolutions N' per minute so that N' = 60N. Some of his observations, 
for values of N' above the critical value, are given in columns 1 and 2 of 
Table IV. 

Table IV 


N' 

P/N' 

lo8(T/pU») 

log(Uf/v) 

56 08 

0-3067 

4-916 

3-297 

71-56 

0 4704 

4 996 

3-398 

107 9 

0 6883 

4-993 

3-581 

249-7 

1-327 

4-903 

3-929 

453-3 

2 111 

4-846 

4-192 

Using the dimensions of Couette’s apparatus, 1 

[ find that 


log (t/pU*) = log (P/N') - log N' + 1 • 1777 


log (Ut/v) - log N' - log V + 1 -5773 


( 10 ) 


The values of r/pU* and U//v calculated from (10) are given in columns 
3 and 4 of Table IV and are marked in fig. 10. It will be seen that they 
compare very well with the present results for larger values of t/Rj. 

* Loc. cU., p. 327. 
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Stress Calculated from Velocity Measurements 

In Part II of this paper the distribution of velocity is given when the 
outer cylinder rotates and the inner cylinder has a diameter of 6-27 cm., 
the outer one being 8*11 cm., so that = 0-227. The tangential 
stress at the outer surface was calculated from the velocity measurements 
and the results shown in hg. 10. It will be seen that the stress is very 
low, being rather lower than the lowest stress observed directly 
with the slightly larger inner cylinder 6-40 cm. diameter. This might 
have been expected because the direct measurements are necessarily too 
high owing to the fact that the fluid friction on the ends of the inner 
cylinder was not allowed for. On the other hand, the friction deduced 
from velocity distribution measurements taken near the middle of the 
cylinders is likely to give too low a result. It seems, therefore, that the 
true values x/pU* for the values of r/Ri less than 0-227 are not likely to 
be very much in error. 


Summary 

The torque between concentric rotating cylinders was measured in two 
cases, (a) inner cylinder rotating, outer cylinder fixed, (b) inner cylinder 
fixed, outer cylinder rotating. 

It was found, as was to be expected, that the critical speed at which 
turbulence begins is very much lower in case (a) than in case {b). The 
difference between the critical speeds in the two cases becomes rapidly 
greater as t/Rj increases, t being the difference between the radii, and Ri 
the radius of the outer cylinder. When r/Rj — 0-38 the ratio of the 
critical speeds in the two cases exceeds 1000, when //Ri — 0-1 it is about 
50, when r/Ri — 0-017 it is 6. It appears that t/Ri must be less than 
0-001 before the effect of rotation on the critical speed disappears. 

When the flow is turbulent the effect of rotation on the torque is small 
in case (a) but large in case (b). 
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II— Distribution of Velocity Between Concentric 
Cylinders when Outer One is Rotating and Inner 
One is at Rest 


By G. 1. Taylor, F.R.S. 
(Received August, 1936) 


Measurements of the distribution of velocity between two cylinders 
when the outer one is at rest have been made* by means of small Pitot 
tubes. The Pitot was traversed in from the outer wall towards the 
inner cylinder and the difference in pressure P between the Pitot tube 
and a hole in the outer cylinder was measured. The connexion between 
the velocity U and P is 

? = lJ»r, (1) 

where U is the velocity at radius r. 

A similar method can be used to determine the velocity between rotating 
cylinders when the inner cylinder is fixed and the outer one rotates. The 
small Pitot tube must now be fixed projecting from the inner cylinder. 
The formula (1) still applies for determining U. It may be conveniently 
expressed in the form 

2r-^p^yv (2) 

pJoN« N*’ 


where N is the number of revolutions of the outer cylinder per second. 

Though the theory of these measurements is simple, the design of 
apparatus for carrying it into effect and making measurements at high 
speed of rotation is difficult. The difficulty arises entirely because it is 
necessary, after each change in the position of the Pitot tube, to fill the 
apparatus m such a way that one can certain that all the internal passages 
in the inner cylinder are full of water. (The fluid used was water.) 
The internal passages are essential because the pressure from the Pitot 
tube, and also the pressure from holes on the surface of the inner cylinder, 
must be conveyed out through the small axle on which the fixed inner 
cylinder is mounted. 

• Taylor, * Proc. Roy. Soc.,’ A, vol. I5I, pp. 494, 512 (1935); Wattendwf, ‘ Proc. 
Roy. Soc.,‘ A, vol. 148, p. 565 (1935). 
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The outer cylinder previously used for torque measurements* was 
available. This had a pair of holes situated on opposite sides of the 
cylinder and at half its height. These holes, 5 cm. diameter, were fitted 
with removable brass plugs or doors cut to the same radius as the inside 
surface of the cylinder. When these plugs were fitted there was no break 
in the smooth finish of the outer cylinder. The inner cylinder was 
designed so that the fitting carrying the small Pitot tube could be loosened 
and the Pitot moved, by uncovering the brass doors, leaving the cylinders 
in position. The position of the Pitot was measured by means of a 
micrometer fixed to another plug fitting the same hole as one of the brass 
plugs. 

The inner cylinder was designed for me by Mr. W. S. Farren. The 
central part is shown in the sketch, fig. 6, and Mr. Farren’s description 
of the mode of operation is given in the Appendix. The general arrange- 
ment of the cylinders is shown in fig. 1. 


Method of Measuring Pressure 

The Pitot tube used in most of the measurements had an external dia- 
meter of 0-85 mm. A larger Pitot, 1*2 mm. diameter, and a smaller 
one 0*48 mm., were also tried but it was found that no measurable 
difference could be detected in the r«ults obtained in the three cases. 
This is in marked contrast to what is found when the inner cylinder 
rotates. The difference between the two cases is due, no doubt, to the 
fact that the water retarded by the Pitot tube is driven inwards by the 
radial pressure gradient. When the Pitot tube projects from a fixed 
outer wall the fluid which strikes the mouth of the Pitot tube has therefore 
come from a region where it has already been retarded by passing (possibly 
many times) over the stem of the Pitot tube. In the present case, where 
the Pitot tube projects from the inner cylinder the fluid retarded by the 
mouth of the ntot is also driven inwards by the radial pressure gradient 
so that it strikes the stem of the Pitot between the mouth and the surface 
of the inner cylinder. Unretarded fluid is therefore continually striking 
the mouth of the Pitot. 

To measure the difference between the pressure at the holes in the 
surface of the inner cylinder and that in the Pitot tube, one cannot use a 
manometer directly, because the fluid would flow so slowly through the 
small bore of the Pitot tube that a very long time would be necessary for 


Described in Fart I. 
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each measurement. A null reading capillary manometer* designed to 
get over this difficulty was inserted between the manometer and the Pitot. 
The general arrangement of the measuring apparatus is shown in iig. 2. 
In that diagram A is the capillary manometer. The pressure from the 
Pitot tube is taken through a glass tube to the vessel B, which is partially 
filled with mercury. The lower surface of the mercury is situated in a 
converging capillary tube in which it is observed through a microscope M. 
The capillary tube projects into a vessel filled with dilute sulphuric acid. 
This vessel is part of a U-tube, the bottom of which is filled with mercury. 
The manometer C which contains mercury— -or if small pressures are 



being measured, CHCI3 — ^is connected at its lower end with a vessel 
containing mercury by means of rubber tubes. The vessel is also con- 
nected with the water pipe as shown in fig. 2. A number of glass stop- 
cocks Si, S|, . ., S, can cut off some parts of the apparatus from other 
parts. The pressure in the apparatus is controlled by the level of the 
water in the open funnel E. 

To operate ffie apparatus, S 4 is opened and S 3 and S 3 are closed. The 
readings of the manometer C are taken. This gives the reading for zero 
pressure difference. Next, keeping S, and S, closed. Si and St open, the 
microscope is adjusted till the level of the mercury meniscus in the 

* Described in “ A Manometer for Use with Small Pitot Tubes,” ‘ Proc. Camb. 
Phil. Soc.,’ vol. 24, p. 74 (1927). 
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capillary is on the crosswire. Next, close Si or S„ open S 4 and S,. If 
the apparatus is working the meniscus will stay on the crosswire of M, 
but if there is a bubble anywhere in the circuit the meniscus will move. 
With S, closed, the level of D is then raised so that there is a good head 
of mercury. 

Having made these preliminary adjustments, S 4 is closed (Sg open, Sg 
closed) The cylinders are then rotated with increasing speed. Directly 
the pressure in the Pitot rises, the meniscus in the capillary begins to 
descend, the volume of water flowing through the pipe connecting the 
Pitot with B being very small. Keeping his eye on the meniscus, the 
observer then opens Sj very slightly and allows mercury to flow into C. 
Since the volume of water between the mercury in D and the mercury in 
F is nearly constant, the mercury level in C practically only rises on one 
side of the U-tube. Thus the pressures in B and F are brought to equality, 
the meniscus being brought to its zero position. The difference in level 
H of the mercury on the two sides of the manometer C is then read. The 
difference in pressure P between the Pitot and the holes in the inner 
cylinder is then P = Hg (p„ — 1), where is the density of mercury (or 
CHCI3 if that is being used). 


Measurements with Inner Cylinder 5 02 cm. in Diameter 

Measurements were first made with an inner cylinder 5 -02 cm. in 
diameter. If H is the measured distance between the mercury levels on 
the two sides of the U-tube C (fig. 2) H/N* was found to be constant at 
any given radius as N varied. The values of H/N*, measured at N — 33 
revs, per sec., are given in Table I, column 2. In column 3 are given 
the values of r*r/H /N*, where r is taken as the mean radius during theinterval 
in which dV\ is measured (e.g., between r—2 6 and r = 2-7 cm., 
rfH/N* - (1 -8 - 0-8) X 10->, and r*i/H/N* = (2-65)* x 1 0 x lO’* = 

7-02 X 10"*). The values of f r*</H/N* are found by adding the figures 

Jzn 

in column 3. These are given in column 4. 

To find U*r*/N* it is necessary to multiply the figures in column 3 by 
2g(p„ — 1) = 2 X 981 X 12 '6 = 24’7 x 10*. Taking the square root 
of the figures derived in this way the values of Ur/N given in column S 
are obtained and hence dividing by r the values of U/N given in 
column 6 . 

These results are plotted in fig. 3. It will be seen that the distribution 
of velocity near the outer wall is nearly a uniform shearing motion, as it is 



570 G. I. Taylor 



Table I— Ri = 

4 05, R,= 

2-51, N 

= 33 


1 

2 

3 

4 

5 

6* 

7t 


H 

r*dH 


Ur 

U 

U calculated 

r 



J ntxio* 

N 

N 

5 % streainline 
N flow 

2 51 

0 

0 

0 

0 

0 

0 

26 

0-8 

5-22 

5 22 

11 3 

4-3 

1 8 

2-7 

1-8 

7-02 

12 24 

17 3 

6-4 

3-7 

2-8 

2-8 

7-56 

19-80 

22-1 

7-9 

5-6 

29 

40 

9-75 

29 55 

27 0 

9-3 

7-4 

3 0 

5-3 

11 30 

40 85 

31-7 

10-5 

9-2 

3 1 

70 

1581 

56-66 

37-3 

12 0 

10-9 

32 

8-8 

17 86 

74-52 

42 8 

13 4 

12 6 

3-3 

10 8 

21 15 

95 67 

48-7 

14 8 

14 2 

3-4 

12 9 

23-60 

119-27 

54 2 

15-9 

15 8 

35 

15-3 

28-55 

147 82 

60 4 

17-2 

17-3 

3-6 

18-4 

39-1 

186 9 

68-0 

18-9 

18-9 

3-7 

21 7 

43-9 

230 8 

75 5 

20 4 

20 4 

3 8 

251 

47 8 

278-6 

83 0 

21-8 

21-9 

3 9 

29 1 

59 3 

337-9 

91-2 

23-4 

23 3 

3 953 

31 2 

}2-4 

370 3 

95 6 

24 2 

24 1 

4045 

— 


— 

— 

— 

25-5 


• Crosses, fig. 3. 
t Dots, fig. 3. 


if the motion is non-turbulent. For this reason the theoretical values 
for non-turbulent flow were calculated from the formula 

U/N= 10-22r-64-4/r, 

which vanishes when r = 2-51 and is equal to 2n (4-05) when r = 4 -OS. 
These are given in column 7, Table I, and shown in fig. 3. It will be seen 
that except near the inner cylinder the distribution of velocity is very 
close to that which would be expected if the flow were non-turbulent. 

It will be noticed that the velocity of the outer cylinder, and therefore 
the velocity of the fluid very close to it, is known. It is 

U = 27tN(4 05) = 25-5N, 

so that the value of U/N at the outer cylinder is 25'5. This value is 
marked in all the subsequent diagrams and is given in column 7, Table I. 

The fact that the observed velocity near the inner cylinder is greater 
than that calculated, is due to the action of the ends which cause outward 
flow there and a corresponding inward flow in the middle. This explana- 
tion was verifl^ by fitting annular ends to the fixed inner cylinder. Radial 
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pressure then causes an inward flow at the ends and therefore a corre- 
sponding outward flow in the middle. This outward flow gives rise to a 
reduction in velocity near the middle of the inner cylinder. The measured 



Fig. S—^^istribution of velocity when Ri =» 4-05 cm., R, = 2-51 cm. N — 33 
revs, per sec. 

velocity near the inner cylinder in this case was less than that calculated. 

The conclusion derived from these experiments is that, at N = 33 
revs, per sec., the motion is still non-turbulent when Ri = 2*51, 
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R, 4-05 cm. This was confirmed by watching coloured water emitted 
from the surface of the inner cylinder. This coloured fluid showed, 
incidentally, the flow over the surface of the inner cylinder from the 
centre to the ends. 

The Reynolds number Ur/v was, in the case when N = 33 revs, per 
sec., 

U//v- 1-1 + 10« 


This result is represented in fig. 11, Part I, by the point E. The fact 
that the motion is not turbulent under the conditions represented by E 
is indicated in fig. 11, Part 1, by producing the critical line dividing stable 
from unstable states so that it passes above the point E. 



Measurements with Cylinder 6-27 cm. Diameter 

The diameter of the inner cylinder was increased by adding a concentric 
sleeve which brought its diameter up to 6*27 cm., thus leaving an annulus 
0*92 cm. thick. Readings were taken at approximately 23 0, 26*7, 30*0, 
33*0 revs, per sec. 

Two typical sets of readings at N 26*7 revs, per sec. are shown in 
fig. 4, where the ordinates represent H/N* x 10*, and the abscissae are 
radii in cm. After drawing a smooth curve through the observed points, 
values of H/N* were read off at each millimetre difference in radius and 
a table similar to Table I was constnieted. 

The values of U/N calculated m this way for N — 23*0, 26*7, 30*0, 
33 0 are shown in fig. S and the values of U/N for streamline flow are 
also shown. It will be noticed that in each case the U/N curve is nearly 
a straight line near the outer cylinder and that these straight lines pass 
very nearly through the value U/N = 25*5 at /■ = 4*05, which is the 
value for the surface of the outer cylinder. This fact verifies the accuracy 
of the method of measuring velocities by integrating the Pitot pressures in 
the manner described,* and also indicates that turbulence is not very 
effective in the outer layers. 

Close to the fixed inner cylinder the measurements indicate too high a 
velocity. This appears to be due to a flow parallel to the length of the 
inner cylinder in a layer very close to the surface. This effect has already 
been discussed in connexion with the 5*10 cm. cylinder. 

* This method was used when the inner cylinder rotated and gave oonsistmt results, 
loe. clt., p. 565 (Part II}. 
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Calculation of Torque 

The torque between the two cylinders can be calculated from the 
velocity distribution, if it is assumed that the flow is non-turbulent very 
close to the wall. The nearly straight portion of the velocity curve near 
the outer cylinder wall gives dUjdr^ and t, the shear stress, can therefore 

be calculated from the formula t -- The torque G, is 

2tcRit/, when / is the length of the cylinder. 


I 

N 

revs, per see. 

23 3 
267 
30 0 
33-3 


Table II 
2 3 

\dJl 

N dr N\ drR,). 

39-5 33 2 

47 3 41-2 

50- 1 43-8 

53-9 49-6 


4 5 

T ry 

pU* V 

2-4 X 10-* 5-4 X 10* 

2 6 X 10-* 6 2 X 10* 

2-3 X 10-* 7 0 X 10* 

2-5 X 10-* 7-7 X 10* 


8 • 3 Lower limit for turbulence 


1-8 X 10* 


The values of r, ) given in column 2, Table II, were calculated 
N \ or ' ,_ji, 

from measurements of the curves shown in fig. 5. 

The value of U/R,N is 27t or 6*3. Column 3 is found by subtracting 
6-3 from column 2. The result may be expressed in a non-dimensional 
form by calculating -r/pU*, where G == 2jtNR,. Thus 

-Jf_ (4) 

The values of 'r/pU* arc given in column 4, Table II. They are found by 
multiplying the figures in column 3 by 

The most suitable non-dimensional independent variable is fU/v when 
t is the thickness of the annulus, i.e., 0-92 cm. Taking v = 0 011, 
U == 2tcRiN, rU/v = 2-32 X 10* X N. The values of <U/v are given 
in column 5, Table II. These results arc shown in fig. 10 of Part I, 
where they may be compared with those obtained by direct torque 
measurement. 
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Critical Point for Turbulence with 6-27 cm. Cylinder 

Passing some dye through the hole in the surface of the inner tube, it 
was found that the lower limit of velocity at which turbulence would 
persist was when N = 8 05 revs, per sec. This corresponds with 
Ur/v = 1 *8 X 10*. It is shown in fig. 11, Part I, at the point C. 

Since finishing the work described above, I have seen a paper by F. 
Wendt* in which measurements of the flow between rotating cylinders 
are described. These measurements were more complete than mine in 
the sense that they included cases where both cylinders rotated, but the 
design of the apparatus was such that only qualitative results could be 
expected. The height of the cylinders was only twice their diameter, and 
when in action the height of the fluid was lessened owing to the slope of 
the free surface till it was only 1 ■ 36 times the diameter of the outer cylinder. 
In the experiments described above, it was found that the effect of the 
bottom introduces serious errors in certain cases when the height is as 
little as 10 times the diameter. For this reason it is not possible to com- 
pare the two sets of results from a quantitative point of view. Qualita- 
tively, the results agree in showing that when only the outer cylinder 
rotates there is a large gradient of velocity in the space between the 
cylinders, but when only the inner cylinder rotates the large gradients of 
velocity are confined to thin layers close to the walls. 

In conclusion, I wish to express my thanks to Lord Rutherford for his 
permission to carry out these measurements in the Cavendish Laboratory. 

APPENDIX 
By W. S. Farren 

The Pitot tube I, fig. 6, is held by a spring chuck 2 in a transverse hole 
in the solid centre part of the inner cylinder 3. The chuck is tightened 
by a threaded plug 4 and the transverse hole is sealed by another plug 5 
whose outer surface is turned so as to form part of the surface of the 
cylinder 3. Communication with the pitot tube is by a central hole 6, 
whose upper end is made conical. Into this fits the conical lower end 
of a long tube 7, which passes up, through the centre of the upper bearing, 
to the manometer. The conical joint between 6 and 7 acts as a union 
which can be disconnected by rotating the tube 7 from the outside. The 
lower end of the tube is threaded and screws into a nut 8, which is pre- 
vented from rotating by keys 9, though free to move axially. On a fl^ge 

* *‘ Turbulente StrOmung Zwischen Zwei Rotierenden Konaxialen Zylindem,” 
•Inaen.-Arch.,’ p. 577 (1933). 
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on this nut is a fibre washer 10, and, when the tube 7 is screwed down- 
wards, the axial movement of the nut upwards brings the washer 10 
into contact with an internal flange on the central block, and thus forces 
the conical end of the tube into the coned end of the central hole 6. At 



the same time the washer 10 seals the ends of a number of holes 1 1 which 
communicate with the space below the central block. 

The two sketches show the parts in the two essential positions ; on the 
left with the holes 1 1 sealed and the communication between the Pitot 
tube and the manometer established by the closing of the conical joint; 
on the right, with the holes 1 1 and the conical joint open, so that, when 
the apparatus is filled from below, the rising water can find its way quickly 
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into the whole of the inner cylinder. If the cylinder were filled, with the 
apparatus in the condition shown on the left, the water could reach the 
upper part of the inner cylinder only through the very small static hole 
12, and not only would filling take an inconveniently long time, but it 
would be very difficult to ensure that all air was removed. Moreover, 
the whole of the connecting passages from the Pitot tube to the mano- 
meter would have to be filled through the Pitot tube itself. With the 
apparatus in the condition shown on the right, the water has free access to 
all the passages. 


Summary 

In case (fl) the distribution of velocity between the cylinders 
has previously been measured. The far greater technical difficulty of 
measuring the distribution in case {b) has now been overcome by a new 
design for the inner cylinder due to Mr. W. S. Farren. It is found that 
the stabilizing effect of rotation makes it possible for large gradients of 
velocity to exist throughout the space between the cylinders. The dis- 
tribution is therefore more like that which occurs in non-turbulent flow 
than that observed in case (a), where nearly the whole velocity changes 
occur quite close to the wall. 
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Further Work on Two Types of Diamond 

By Sir Robert Robertson, F.R S., J. J. Fox, D.Sc., and A. E. Martin, 
Ph.D. 

(Received 1 September, 1936) 

[Plate 11] 

Introduction 

In the paper “ Two Types of Diamond ”* many physical properties 
of diamond are described, and on p. SI6 are collected features of difference 
and of similarity between the two types. Briefly, the ordinary type 
(Type 1) is characterized by greater apparent homogeneity. Type 2 
having a mosaic structure but greater isotropy in polarized light; in 
infra-red absorption Type 1 has a strong band at 8 |x, this being absent in 
Type 2 ; in the ultra-violet Type 1 absorbs up to a point much nearer the 
visible region than Type 2 which is transparent nearly as far out as quartz ; 
Type 1 has little, Type 2 a marked photo-conductivity; while the X-ray 
pattern exhibits slight differencesf interpreted as supporting the greater 
degree of mosaicness of Type 2.t 

The two types were similar in respect of the electron diflraction, the 
Raman spectrum, tribo-luminescencc, dielectric constant, refractive 
index, specific gravity, and colour. 

The most striking differences were m the absorption of long and short 
wave light, and in the photoelectric response with its remarkable features 
of selective frequencies for activation and quenching. A fundamental 
Raman frequency of vibration at 7-5 ji was shown to be identical in the 
two types. The differences appeared to be connected with mosaicness. 

This work has been continued both on some of the features mentioned 
above and also in other directions. Thus the work now reported relates 
to the further exploration of finer structure of the infra-r^ absorption 
spectrum by the aid of a grating, and of the photoelectric effect taken 
down to a lower temperature (20° K.) than before; while the emission 
spectrum and the specific heats of diamonds of the two types are subjects 
not before included. 

* ‘ Mill. Trans.,’ A, vol. 232, pp. 463-535 (1934). 

t Ibid., p. 474. 

J See also Renninger (of Professor Ewald’s laboratory), ‘ Z. tech. Hiys.,' vol. 1 1 , 
p. 440 ( 1935), on X-ray intensities of “ ideal " and of “ mosaic ” diamonds. 
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Infra-red Spectrum of Diamonds Explored by Grating 
On the curve of absorption given in fig. 7 of the original paper there 
appears beside the broad outlines of the absorption curve some evidence 
of a fine structure. Certain regularities in the frequency of these small 
bands were discovered, and they were considered to be connected with 
a nutation of low frequency (p. 522). But for the purpose of the alloca- 
tion of the bands to atomic motions, greater resolution was thought 
desirable in the region 4 to 4-8 (x (p. 486) than could be obtained with the 
prism spectrometer then used (p. 478). 

Consequently, a concave grating of 1 metre focus of echelette type was 
mounted in conjunction with the prism instrument. No new details of 
the bands at 3 (i, and 41 (i were obtained, but the band at 4-8 |x was 
further resolved (fig. \a) and the small band Ca* on the side of the 8 (x 
band was definitely split into two (fig. \b). The positions of these new 
bands are shown in Table I. 


4-8 |x B>, 2217 

Ba, 2170 

BP, 2028 

BP, 1976 

7-3 |i C«, 1376 

Co, 1368 


Values 

Previous value 
4-59 (x 

4-98 |x 

Ca 7 29 |i 

7-311 


-Positions of Infra-red Bands of Diamond. 

OF Wave-Lengths and Wave Numbers 
d cm.-‘ 


4 511 
4-608 
4-931 

5 061 
7-266 


B> 


Phototlectric Properties of Diamond at Temperatures to 
20° K 
Introductory 

In the apparatus figured on p. 480 of the original paper the tempera- 
ture, — 160° C., was attained by the use of liquid air, and the photoelectric 
dfect was measured at that temperature, with the results given on pp. 514 
et seq. It was desired to see if at a lower temperature, namely, that of 
liquid hydrogen, a diamond which appeared to lose its sensitiveness to 
li^t at about — 100° C. would persist in this condition at the still lower 
temperatures reached. 

* For this notation see original paper, p. 482. 
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In the earlier experiments heat was conducted from the diamond by 
way of a metal sleeve cooled internally by liquid air and in contact with 
the diamond-container which occupied a position in the vacuous space. 
To avoid the possibility of lag m the withdrawal of heat and to attain 
lower temperatures, the silica Dewar vessel (fig. 2) was now used. It was 
devised by Professor Simon of Oxford and gave a more direct cooling 
while readings could be made down to —250° C. by the use of liquid 
hydrogen. 



Experimental Arrangement 

In fig. 2 is shown the silica Dewar vessel with its tight-fitting metal cap 
and apertures for admitting liquid oxygen or air, and for leading off 
or pumping off the evolved gas. In this vessel the diamond, with its 
fittings as shown, is first of all cooled by being immersed in liquefied gas. 
Liquid oxygen was used for the initial reduction of temperature and then 
liquid hydrogen, for which we arc indebted to Professor F. A Lindcmann, 
F.R.S., of Oxford. Only after the liquid hydrogen had evaporated so 
as to come below the diamond were readings of the photo-conductivity 
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taken, the diamond then being illuminated by either ultra-violet or red 
light, or both through the double silica windows of the vessel. This was 
internally silvered except for the windows and a narrow vertical slit for 
observation of the liquid level. Measurement of the currents was made 
in the manner described in the original paper, and most conveniently as 
the diamond gradually rose in temperature throughout about two hours. 



Fio. 2— Silica Dewar vessel for determining the photo-conductivity of diamond at 
the temperature of liquid hydrogen. 

Results 

Readings of the total current generated in a diamond of Type 2 (D.22)* 
by light from the mercury arc alone, and from this lamp with the addition 
of red light were made. The results are displayed in fig. 3a where the 
variation with temperature from —253° C. to 20°C. is given for light 
from the mercury arc alone, and for the extra currents generated by the 
addition of red light. It will be seen that there is little change throughout 

* p. 468 of original paper. 



Two Types of Diamond 


583 


the interval between the temperature of liquid hydrogen and that of 
liquid air— the photo-conductivity induced by the full mercury arc 
keeping at a low value, while the effect of the added red light is constant 
throughout this range and appreciable. The rise in photo-conductivity 
from — lOO* C. obtained formerly is confirmed. The effect of red light 



Temperature " C. 

Fig. 3— Curves (1). Variation with temperature of currents generated by diamond 
D.22 on unposition of light from mercury lamp, without applied voltage (a), 
and with 30 volts applied (A). Curves (2): Variation with temperature of extra 
currents generated by addition of red light, without applied voltage (a), and 
with 30 volts applied (A). 

does not show much variation from —253° C. to 20° C. except for a 
diminution at the lowest temperatures and another at about -90' C. 
Fig. 3b shows the results obtained for D.22 under an applied potential of 
about 30 volts. It will be seen that the voltage only be^ns to produce an 
effect above -95° C. 





584 Sir Robert Robertson, J. J. Fox, and A. E. Martin 


Although the effects at a temperature lower by 90° C. than in the earlier 
experiments are the same, difference of behaviour was observed with 
this diamond in this series of experiments from that of the same diamond 
under the previous conditions when it was in a vacuum. Probably as a 
result of having been immersed in liquids containing some COj and a 
trace of moisture, a large increase in conductivity took place at about 
—40° C., but on approaching 0° C. the conductivity returned to the same 
level as for the dry diamond, and the more easily if the apparatus was 
pumped out. Similar effects could be obtained with the diamond in air 
at room temperature by breathing lightly on it and illuminating with the 
mercury lamp. The normal current generated by the diamond was 
readily increased tenfold by this means and persisted so long as the 
moisture film remained, llie effect appears to be due to the short- 
circuiting of insulating areas which are normally present on the diamond 
surface and impede the passage of the current. A large increase in 
current is also obtained by immersing the diamond between electrodes 
in distilled water contained in a silica tube, the light from a mercury 
lamp passing through the silica and water to the diamond. 


Infra-red Emission Spectra of Diamonds 
Introductory 

Friedel has examined the optical isotropy of diamonds at high tempera- 
tures up to 1885° C., and some account of this work will be found in our 
original paper (pp. 472 and 520). He finds that birefringence persists 
up to this temperature, but that tiie diamond then breaks into fragments 
on account of a rapid change in volume, and birefringence is no longer 
noticed in the fragments so long as they are not allowed to cool. He 
also found that at 1885° C. the transformation to graphite is very rapid. 
It was suggested by us (p. 520) that the differences between diamonds of 
IVpes 1 and 2 might be explained by the manner in which they passed 
through the point of transformation, tiiose diamonds in which the strain 
had been relieved giving rise to the more isotropic Type 2. 

It seemed possible that on heating a diamond of Type 1 to a tempera- 
ture of 1885° C. the strain might be relieved and a diamond of Type 2 
result, though to maintain the change on cooling to room temperature 
would probably require rather careful annealing. In order to follow any 
change in the diamond as it was heated, the emitted infra-red radiation 
was examined, an emission band at 8 (ji clearly indicating the persistence 
of the character of Type 1 diamond. 
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Apparatus and Procedure 

Through the courtesy of the General Electric Company, the design was 
obtained for a small molybdenum furnace capable of use for a considerable 
time at 1600° C. This furnace with associated apparatus is shown in 
fig. 4. The alundum tube A, 4 inches long and ^ inch diameter, is wound 
with Kanthal wire for moderate temperatures, or with molybdenum wire 
for the higher temperatures. The furnace casing was made from iron 
tube fitted with end plates through which passed the furnace tube, exces- 
sive gas leakage being prevented by asbestos packing B. Alumina was 
used for furnace packing C and provided good heat insulation The 
diamond D was held in a disk of alundum E, faced with polished platinum 


@ 



Fio. 4— Electric fiimaoe and associated apparatus used for determining the emission 
spectrum of diamond 

sheet F, to which were attached platinum wires G by which the diamond 
in its mount could be pushed to the centre of the furnace. The tempera- 
ture of the diamond was determined by a Pt/PtRh thermocouple H. 

The radiation from the diamond and its mount was condensed on to 
the slit of the infra-red spectrometer by means of the rocksalt lens I 
mounted in the brass tube J. One end of this tube joins on to the furnace 
and the other end is fitted to the enclosed electromagnetic shutter K 
which is attached to the slit L of the spectrometer. The correct align- 
ment of the furnace was secured by placing a pea-lamp inside the furnace 
tube in the position normally occupied by the diamond, and making sure 
that the collimating mirror of the spectrometer was completely filled with 
light As a check, the diamond holder without the diamond was placed 
in the furnace tube and the slit of the spectrometer illuminated. On look- 
ing down the furnace tube an image of the slit could be seen centrally 
in the aperture in the mount. 
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As carbon dioxide and water vapour have strong absorption bands 
in the region 4-7 [x, purified dry air was pumped into the spectrometer 
and into the brass tube through M and N when the temperature of the 
furnace was low, A small part of the diamond mount was cut away to 
allow easy passage of gas through the tube. At higher temperatures a 
reducing gas (4 parts nitrogen and 1 part hydrogen) was passed into the 
brass tube at M and into the furnace through O. Since the central part 
of the furnace tube was at the highest temperature and hence the most 
porous, the gas diffused through it and passed out of the furnace, thereby 
protecting the diamond as well as the molybdenum from oxidation. 

The spectrometer and galvanometer system were arranged as described 
in the earlier paper (p. 478). During the examination of an emission 
spectrum, the temperature of the furnace was maintained constant ; the 
procedure was to advance the wave-length drum by small regular steps, 
the galvanometer deflexion with the shutter alternately open and closed 
being obtained for each successive position in the spectrum. Emission 
spectra were obtained for the mount alone and with diamond, the emission 
being obtained by difference. This is permissible since only a small 
amount of the energy radiated from the walls of the open furnace tube 
reaches the spectrometer, and only a negligible proportion of this passes 
through the aperture of the mount in the absence of the diamond. 

Emission curves were obtained for both types of diamond and for 
comparison from substances behaving nearly as black body radiators. 
The substances used were graphite roughened with No. 2 emery paper, 
oxidized iron and a surface coated with soot from burning camphor. 
Each of these could be slipped into the holder so as to occupy the position 
of the diamond. The emissivity of these three surfaces from 2 to 15 (a 
did not vary to any considerable extent, the graphite and camphor soot 
being particularly close. Graphite was finally selected as being generally 
the most satisfactory and was used for black body emission in all the 
measurements given in this paper, since it gave a curve nearly in accor- 
dance with a true black body. 

Results 

The emission curves for a diamond of each type, together with graphite 
at temperatures of approximately 200 and 400° C., are given in fig. 5. 
The spectrometer slits were 0-3 mm. for the lower temperature and 
0* 1 mm. for the higher at which greater resolution was obtained. 

It will be seen that even at the low temperature of about 200° C. each 
diamond is emitting radiation in accordance with its type, as indicated 
by the presence or absence of a band at 8 (a. 
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In fig. 6 have been drawn the absorption and also the emission curves of 
the two types of diamond, and in these will be observed a striking likeness 
even in details of fine structure. The diamonds used were D.IO {see 
previous paper), D.26 of about the same thickness, both having all the 
characteristics of Type 1, and D.2 a somewhat thicker diamond of Type 2. 

We have thus an example of the validity of KirchhofT’s Law obtaining 
not at one restricted region but persisting throughout the whole band 



Fio. 5 — Emission spectra of diamonds and graphite, (a) Graphite and diamond of 
Type 2 (D.2) at 198“ C.; (A) graphite and diamond of Type I (D.26) at 198” C.: 
(c) graphite and diamond of Type 2 (D.2) at 414° C.; (</) Graphite and diamond 
of Type 1 (D.26) at 408” C. 

range of the diamonds to such an extent that the curves of absorption and 
emission respectively can almost be superimposed even in their detail, 
except for some small reflexion tosses. 

The absence of the 8 |ji band for the diamond of Type 2 in the emission 
spectrum is clearly shown. This band was observed for the diamond of 
Type 1 at temperatures up to 1025° C., but at higher temperatures (ca. 
1400° C.) in an inert atmosphere the diamond was found to be super- 
ficially changing over to graphite, and the spectrum became indistinguish- 
able from that of a black body. For this reason further experiments at 
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the higher temperatures were not attempted; but the diamond was 
repolished and then gave its normal emission spectrum. In an early 
experiment at 700° C. the diamond (Type 1) was in air and not in a 
reducing atmosphere, and after cooling it was noticed that one surface on 
which the air impinged had become slightly opalescent. On examination 
under the microscope, it was seen that the surface was covered with 
triangular etchings. Photographs of the etched surface are shown in 
fig. 7, Plate 11. 



Wave-length ((i) 

Thickness of diamonds : D2 -- 2-09 mm. , DIO -= 1 -08 mm ; D26 = 0-80 mm. 
Fig. 6— Emission at ca. 400“ C. of diamonds of both types relative to graphite, 
together with their absorption spectra at room temperature. 

Specific Heat of Diamond 
Introductory 

The specific heat of diamond has been determined by many workers, 
but it was not known which of the two types was being investigated. The 
chief investigators are Nernst and Eucken who developed the method for 
low temperatures down to 30° K., Weber, who made measurements up 
to 1 169° C., and Magnus. The variation of the specific heat of diamond 
with temperature has been discussed by Nernst, Lindemann, and Debye. 
For the present measurements the method of Nernst and Eucken, some- 
what modified, was used for both types of diamond, the temperature 
range being from 90 to 320° K. 

Apparatus 

The diamond of either type under examination (weight about 0-5 gm.) 
was sealed up in a small container made from thin silver sheet. The 
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weight of silver was known and also the weight of solder used for sealing. 
Air was left in the container to assist in the rapid attainment of thermal 
equilibrium during the specific heat experiments in which the diamond in 
its case was isolated in a vacuum and supplied with a measured quantity 
of electrical energy. The case was rectangular in shape and wound with 
about 50 turns of enamelled copper wire, S.W.G. 47, as shown in fig. 8. 
The wire was knotted at the start and the finish of the winding to hold it 
m position, and could be kept completely insulated from the case. The 
same wire served for leads, a length of IS mm. 
being used for each. Platinum wires were sealed 
through short tubes joined to a glass bulb and 
were attached to the thin copper leads so that 
the diamond in its case was suspended inside 
the glass vessel. Stout copper leads were 
soldered to the free ends of the platinum wires 
and finally connected to a Wheatstone bridge. 

The glass bulb was supported inside a Dewar 
vessel by means of a glass tube connected to 
a mercury diffusion pump, backed by a “ Hy- 
vac ”. The copper leads were bent downwards 
inside the Dewar vessel, as shown in fig. 8, in 
order to minimize the amount of heat conveyed 
along them to or from the platinum wires. The 
Dewar vessel contained solid carbon dioxide or 
liquid oxygen for the lower temperatures, and 
transformer oil for room temperature and above. 

A small electrical heater was provided for main- 
taining the oil at steady temperatures up to 50° 

C. The contents of the Dewar vessel com- Fio. 8— Apparatus for mea- 
pletely covered the glass bulb and several inches of specific heat 

of the leads. The glass vessel could be evacu- diamopd. 

ated to such a degree that the heat conduction of the residual gas was 
quite negligible. A carbon dioxide trap was used to prevent mercury 
vapour from diffusing into the vessel. 

The temperature of the case and its contents was obtained from a 
measurement of the resistance of the copper wire wound on the case, 
and the rate at which electrical energy was being supplied could also be 
determined from a knowledge of the current passing through the wire 
together with its resistance. The details of the circuit are shown in fig. 9. 
Current from a 2-volt accumulator was passed through the resistance P, 
milliammeter M, and the Wheatstone bridge. The resistance R was 
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about 13 ohms at room temperature and could be determined to 0-01 ohm 
directly from the bridge. The Moll galvanometer G was rapid in response 
and sufficiently sensitive to enable resistance differences to be measured 
to 0-0001 ohm from the out of balance current. It can be shown that 
when the bridge is balanced as in fig. 9 the out of balance current produced 
by increasing or decreasing the resistance 100 R by 1 ohm is very nearly 

E 

[1010 R + G (10 + R)] [10- 1 P + (R + 10) 10] ' 

The scale deflexion caused by the variation of 1 ohm in the 100 R 
resistance having been determined for ohe value of R, the out of balance 



current can then be used for measuring R to O-OOOI ohm for any other 
value. The purpose of this is to measure the rate of increase of tempera- 
ture of the case and diamond by means of the rapidly changing resistance 
values. 

Before starting an experiment, the glass vessel and its contents are 
allowed to attain the temperature of the surrounding substance with some 
air left inside the bulb to promote rapid thermal equilibrium. The glass 
vessel is finally evacuated and the heating current switched on. Resistance 
measurements are nuide at ^-minute intervals at first and then less rapidly 
as the rate of temperature rise decreases. The resistance box is manipu- 
lated so as to keep the galvanometer spot close to its zero, and both 
resistance and galvanometer deflexion are recorded for the exact subse- 


Robertson, Fox, ami Martin Proc. Roy. Soc., A, vol. 157 , Plate 1 1 
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quent determination of R as already outlined. The current supplied to 
the bridge is noted at frequent intervals, and if its value is denoted by C, 
then the energy supplied to the case and its contents is 

( 1 ^ X (R - /) watts, 

where I is the resistance of all the leads right up to the case. 

The variation of resistance of the copper wire with temperature is 
obtained from the resistance value at the start of each experiment (ob- 
tained by extrapolation) and the known bath temperature. It is necessary 
to correct for the portion of the copper leads outside the Dewar vessel 
which remain approximately at room temperature, and also for the 
platinum wires. The resistance of the platinum wires having been 
measured at room temperature, the value at any other temperature can 
be calculated from the known variation of resistance with temperature, 
the correction in any case being small. 

During a specific heat determination the case is heated and also the 
thin copper leads to some extent. Since the ends of the leads in contact 
with the case are at the temperature of the case, and the ends attached to 
the comparatively massive platinum leads have not risen in temperature, 
we will assume that the average rise in temperature of the thin copper 
leads IS half that of the case. If p is the resistance of the winding on the 
case, r the resistance of the thin copper leads, and r' the resistance of the 
thick copper leads outside the glass vessel but immersed in the contents 
of the Dewar vessel, all these resistances being for the same temperature, 
then the part of the total copper resistance p + r + r' which will have 
the temperature of the case when this is being heated by a current will 


bep -f (r/2), and the resistance change per 1° C. obtained from the measure- 
ments at different bath temperatures must be multiplied by 

to obtain the value to be used in determining the temperature rise of the 
case when heated electrically. 

If at a given,^instant the electrical energy supplied per unit time to the 
case and contents is equivalent to H calories, the rate of temperature 


rise is </6 /dir, and the total temperature rise 0, then H — S ws^ +/(0). 


where "Lws is the sum of the component heat capacities of the case and its 
contents, and /(6) represents the loss of heat from the system due to 
radiation and conduction through the leads. When 0 is small /(O) can 
be replaced by Ic6, k being constant, and at the completion of the experi- 
ment when 6 becomes constant at the value 0/, we have 
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so that 

h.s«.4« + h,1. 

It was found to be impracticable to determine 6, directly owing to the 
length of time required ; actually it was calculated from the measurements 
made at the end of each experiment, the variation of 6 with time then 
being given by a single exponential expression. From the above equation 
Swj can then be obtained. The heat capacity of the silver was calculated 
from the known value of the specific heat ; the heat capacity of the copper 
heating wire was similarly obtained, the exact weight of wire on the case 
being found at the completion of each set of experiments by cutting the 
wires close to the case and finding the total weight. The experiments 
with the empty case gave the heat capacity of the solder by difference, 
and the weight of solder being known, the specific heat was obtained and 
used for the experiments employing the diamonds. In these latter 
experiments the heat capacity of each diamond was finally obtained by 
difference and the results are set out in Table II. It was found that the 
specific heats of the two types of diamond do not differ from each other 
to any significant extent, nor do they differ appreciably from the figures 
given by other observers, as is shown in Table II. 

We desire to acknowledge again our indebtedness to the Diamond 
Corporation Ltd. for lending us some of the stones, to Professor W. T. 
Gordon for the use of some from his own collection, and to Mr. F. S. 
Benge for his valuable assistance in the construction of the apparatus. 

Summary 

Further work on the physical properties has been done on diamonds 
of the two types previously described.* 

Absorption Spectrwnr—Vm was explored by means of the addition of a 
grating to the spectrometer, and some further resolution of the band at 
4-8 (i and of the small band on the side of that at 8 |x j[in the case of 
Type 1 diamond) was obtained. 

Photoelectric Properties at Lower Temperatures — ^By using liquid 
hydrogen the current produced in a diamond of Type 2 by the imposition 
of light of short wave-length and also of red li^t was determined at a 
temperature about 100° C. lower than had been done previously. At the 
temperature of —253° C., no abrupt change in the effects observed at 
—160° C. was found. 

* ‘ Phil. Trans. ’ A, vol. 232, p. 463-535 (1934). 
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Table II— Values of the Specihc Heat of Diamond 


Temp. ’ K. 

Sp. ht. of 
diamond by 

Observer 

Sp. ht. of 
diamond of 
Typel 

Sp. ht. of 
diamond of 
Type2 

30 

othen 

0 000 

Nernst 

(present 

authors) 

(present 

authors) 

42 

0 000 


— 

- 

88 

0 0025 


— 

-- 

92 

0 0025 


0 0045 

0 0033 

201 

— 

— 

0 048 

_ 

203 

_ 

— 

— 

0 052 

205 

0 052 

Nernst 


__ 

209 

0 055 

„ 

— 

-- 

220 

0 060 


— 


222 

0 063 

Weber 

— 

_ 

232 

0 072 

Kotef 

— 

— 

243 

0 079 

Dewar 

— 


262 

0 095 

Weber 



284 

0113 

„ 


— 

295 

— 

— 

0 121 

0 118 

306 

0132 


— 

— 

325 

— 

— 

0 148 


327 

— 

— 

— 

0-142 

331 

0153 


— 

— 

358 

0-177 



— 

413 

0-222 

„ 

— 


1169 

0-454 

„ 

— 

— 


Infra-red Emission Spectra of Diamonds — As in the previous work on 
absorption, a clear difTerentiation of the two types of diamond in either 
possessing or not possessing a band at 8 (t was obtained also in emission. 
It was found possible to get the characteristic spectra of the respective 
types of diamond in the infra-red when they were heated at a temperature 
as low as 200° C. The agreement between the bands of emission and 
absorption is so close that even details of the structure of the bands are 
reproduced, thus affording a striking example of Kirchhoff’s Law over a 
range of wave-length and in a spectral region not usually examined for 
this purpose. When air had access to the diamond at a temperature of 
700° C. a finely etched surface with inverted pyramidal pits was obtained. 

Specific Heat of Diarmnds—T\ivs was done by the method of Nernst 
and Eucken, and it was found that the diamonds of both types had the 
same specific heat throughout the critical range of low temperature and 
also at higher tem^ratures. 


2 R 2 
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The Movement of Desert Sand 

By R. A. Bagnold 

(Communicated by G. I. Taylor, F.R.S.— Received 23 March, 1936) 
[Plates 12, 13, 14] 

1— Introduction 

It is well known that on a dry sand beach and, on a much larger scale, 
on sand-strewn desert country the wind, if above a certain strength, will 
cause the surface sand grains to rise and to travel down-wind as a low- 
flying cloud. The mechanism, however, by which (a) the grains com- 
posing this cloud are raised, (b) the rate of mass movement of the sand 
depends upon the wind velocity, or (c) the wind velocity close to the 
surface is affected by the presence of the sand cloud, does not appear to 
have been previously investigated experimentally. This mutual inter- 
action of wind and sand grains is of interest both in connexion with the 
problem of the tendency of sand to heap itself up into dunes even in 
totally flat uniform plains, and also for the light it may throw on certain 
aspects of the allied problem of the transport of sediment by liquid 
currents. 

Sand found in the desert is usually composed of rounded quartz grains 
whose sizes range from small pebbles 2 to 3 mm. in diameter down to 
small particles 0-01 mm. in diameter, which must be regarded as dust. 
Mechanical analysis of eolian sand for grain sizet show, when curves of 
percentage weight are plotted against grain size, that the peaks of such 
curves never occur on the small side of 0 * IS mm. diameter. Sand having 
this smallest peak size is found at the crests of dunes. Here the grains 
approach uniformity of size, so that the diagrams are sharp-peaked. On 
the other hand, sand deposits clear of the actual dunes give broad, low 
diagrams with the peak at a larger diameter. In every case the diagrams 
show only a few per cent by weight at a size of 0 03 mm. In fact, it is a 
peculiarity of all sand accumulations that they are practically free from 
dust. 

If dust is defined as particles which are so small that their low terminal 
velocity of fall allows of their being raised and maintained aloft for long 
periods by the upward vertical components of the internal movement of 
,t Wentworth, ‘ Univ. la. Stud. Phys.,’ vol. 14, No. 3 (1932). 
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the wind, then it becomes possible to define the dividing line between dust 
and sand in terms of the air and its motion. The larger particles, i.e., 
sand, are those which, while still capable of being set in initial motion 
by the direct forward velocity of the wind, are yet incapable of being 
seriously affected by the less violent velocities of the wind’s internal move- 
ment. The dividing line between sand and dust cannot be expressed in 
terms of grain size only, since material which behaves as sand in normal 
regions may be truly regarded as dust in regions where the wind speeds are 
unusually great. 

I have already describedf experiments which show that: — 

(a) The motion in air of the average sand grain of a sample sifted for 
uniformity of grain size can be predicted with fair accuracy by (i) the 
replacement of the real grains by an ideal smooth sphere of a certain 
“ equivalent diameter ”, and (ii) the use of a quantity which is defined in 
terms of the equivalent diameter and the relative velocity; this quantity 
is the ratio of the force of the air to that of gravity acting on the grain. 
I have called it the “ susceptibility ” S of the grain to the air in which it 
is moving. 

(b) It is possible to attribute the uniform cloud of low-flying sand 
grains observed over an open desert surface, during sand-driving, to a 
continued bouncing motion of the grains whereby they move as pro- 
jectiles, being shot upwards into the air after bouncing off a pebble or 
other solid object. 

Assuming that the phenomena of sand-driving result from this bound- 
ing motion and are therefore surface effects, they should be, contrary to 
current ideas, largely independent of the natural eddies in the wind. 
Consequently, it should be possible to reproduce the effects in a wind 
tunnel of suitable design. 

2— -The Wind Tunnel Used 

A tunnel 30 cm. square in section and 30 feet long was constructed 
during the spring of 193S. The discharge end opens into a wooden 
chamber A (fig. 1, Plates 12, 13), S feet cube, in the roof of which is a suction 
fan. The sand Mving passed through the tunnel settles in this chamber, 
where it falls into a hopper at the bottom, and is collected out of the door 
B for re-use. The tunnel itself is made of ply-wood, with glass sides and, 
for convenience, a removable roof. It is composed of sections 3 feet 
long, jointed together and supported at the joints by spring balances. 

t Bagnold, * Geogr. J..’ vol. 85, p. 342 (1933). 
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By the changes in the readings of these, the rates of sand deposition and 
erosion, and therefore, by summation, the net flow of sand past any 
section can be measured at any place in the tunnel Since this demanded 
flexibility at the joints, somewhat careful designing was necessary to 
ensure that air-ti^tness and internal smoothness were retained. Fig. 2 
shows the design of the joints in detail. 

Wind velocities were measured with a small total head tube made of 
hypodermic steel tube whose internal diameter of 0-8 mm. was about 



Fio. 2— Details of the joints between tunnel secUons. 


three times the diameter of the sand grains. The tube, in addition to 
being adjustable as to height, could also be moved from section to section 
of the tunnel. The static pressure was obtained from a series of orifices 
flush with the tunnel wall, any one of which could be connected with the 
manometer C by means of plugs, on the lines of a telephone exchange. 
The manometer pressures ranged from 0*05 to 12 mm. of water. Owing 
to the limited time available during a run, before the sand in the tunnel 
began to disappear and uncover the wood floor, it was essential that the 
manometer should be such that readings could be taken speedily. A 
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zero-reading instrument of the type described by Owerf was used, viz., 
an adjustable U-tube with an inclined tube on one limb which can be 
raised and lowered with a nucrometer screw. 

At the mouth of the tunnel was a sand reservoir D, also carried on a 
spring balance. This reservoir fed into a mechanical distributor E 
driven by an electric motor, and thence a stream of sand could be fed 
into the mouth of the tunnel at any required rate. 

For the observation of ripples, a 1000-watt lamp was made to shine 
down the tunnel from some distance beyond the mouth. 

Before each run the tunnel floor was covered with a layer of sand 1 • 5 cm. 
thick, smoothed out by means of a long-handled raker provided with thin 
legs 1-5 cm. long at each side, the feet of which rested on the tunnel 
floor so that an even thickness of sand was ensured. 

The sand used was screened to exclude all grains other than those 
between 0-3 and 0-18 mm. diameter. This particular grade was chosen 
because, as already stated, it forms a very large proportion of the more 
mobile parts of desert dune flelds. 

3— Description of the Sand Movement 

Beginning with a wind speed well below the threshold value at which 
the wind first starts to move the grains, the effects will be described as the 
wind is increased up to the highest speeds used. 

At low wind speeds there was no sand movement whatever. When the 
sand distributor was switched on, so that a small but steady supply was 
started at the mouth, the incoming grains disturbed other surface grains, 
causing a small movement to take place along the tunnel. This move- 
ment, however, died away after a short distance. 

At a rather greater spe^, but still considerably less than that required 
to start grain movement without an initial disturbance, a sudden change 
took place. The movement along the tunnel, instead of dying away, 
continued apparently indefinitely down wind, approaching as the distance 
increased a certain steady rate of flow. 

Fig. 3fl shows the sand flow in terms of the distance along the tunnel 
from the mouth, t If the initial sand supply (as indicated by the ordinate 

t “ The Measurement of Air Flow ” (1933). 

} The rate of sand flow through a given section of the tunnel was found as follows : 
Starting flora the intake end, there are spnng balances supporting (I) the sand 
reservoir, (2) the bell-raouth, (3) the fint tunnel joint, (4), (5), etc , the succeedi n g 
joints. At the end of a run lasting t seconds the balance readings changed by amounts 
Wi, W„ W„ ... etc. For simplicity it was assumed that each of the changes referred 
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at X = 0) was smaller than the ultimate rate, the flow built up, while if 
greater, the flow decreased till the same ultimate rate was reached. By 
standing at the down-wind end of the tunnel and operating the distributor 
switch from there, it was possible to measure the speed at which the 
dislurbance travelled along the tunnel. 



0 123456789 


Distance along tunnel in metres 

a, Mean air speed 430 cm./sec. (below threshold) Ve => 19-S ; b, mean air speed 490 
cm./sec., Vg, = 36; c, mean air speed 930 cm./scc., » 92 
Fio. 3— Variation of the flow of sand with the distance along the tunnel. 

The first sign of the arrival of the disturbance could be seen in two 
ways. First, if the sand floor had previously been pressed very smooth 
to deposition or erosion in the half-section of the tunnel immediately on either side 
of the joint concerned. With this approximation the average rate of sand movement 
put any mid-section XY during the run was (Wx + W, + W, + . . W,)/r. 
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with a sheet of metal or glass, small craters a millimetre or so in diameter 
could be seen to appear suddenly as if erupting spontaneously out of the 
sand. The craters rapidly increased in numbers until the whole surface 
assumed the typical finely-irregular appearance of wind-blown sand. 

The sand movement could also be observed with the aid of an intense 
narrow beam of lightf directed vertically downwards through a length- 
wise slot in the roof. The after-image retained in the eye caused the 
grain paths to stand out against a black background like a skein of silver 
threads. The effect was of considerable beauty. The first grains to 
appear after the sand supply had been switched on were those whose 
paths rose to a maximum height— some 5 cm. These were rapidly 
followed by grains of lower and shorter paths until the flow became 
steady. On switching off the supply, the lapse of time before the motion 
ceased at the point of observation was rather longer than before. The 
rate of propagation of the disturbance down the tunnel was slow — about 
a third that of the air speed at the height at which the highest paths 
were seen. 

By this method of intense vertical illumination large portions of the 
paths of the sand grains can be seen with the naked eye, and if the beam 
is sufficiently strong, can also be photographed. If either the camera or 
the light source is open for about l/SOO second the threads appear as 
lines of limited length, thus enabling the speed of the grains to be measured. 
A spinning grain appears as a dotted line, as the reflecting positions of 
the facets recur. Rotation does not seem to be the rule, though occasion- 
ally a grain was seen to rotate about once in ten diameters of path. 

There can be little doubt, after watching the motion, that the grains 
behave as though scarcely affected by any air movement except its direct 
forward advance. 

In particular, every path is concave downwards. The rise is almost 
vertic^ and the fall is of a nearly constant inclination from 10® to 16° to 
the horizontal. In fig. 4 (Plate 14) the actual paths as photographed are com- 
pared with typical theoretical paths calculated in the manner described 
in § 5 and the Appendix. The following points of special interest should 
be noted in them: The fainter downward tracks are those of fast-moving 
grains. Moie than one instance can be seen in (a) of an actual impact. 
The descending grain disappears into a little crater below the surface 
outline, and from the crater a slow speed grain rises almost vertically. In 
anothei case a descending grain has clearly ricocheted off the surface and 
continued forward at a flat angle and without losing much speed. One 


t The source of light used was a mercury arc m a capillary tube of pyrex glass. 
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instance can be seen, in (b), of a rapidly spinning grain, and several 
tracks where a slow rotation has caused a track of uneven brightness. 
In (c), which was taken during a more violent sand movement, the con- 
nexion between the ripple phase and the density of the impacts is well 
shown. 

As the flow proceeded, the little craters were seen to coalesce laterally 
into ridges, which slowly combined and separated out into the final 
ripple-mark. 

The phenomena at low air speeds, when the wind was incapable of 
initiating sand movement, have been described in some detail. But 
they have all the characteristics of sand movement at higher air speeds, 
and their occurrence suggests strongly that the sand flow is maintained, 
once it is started, by the impact and splashing up of the sand grains 
themselves on the loose sand surface rather than by the direct action of 
the wind in picking the grains off the surface. The maifner of the onset 
of the sand movement at the threshold speed, when there is no initial 
sand supply, illustrates this point. 

When the wind was further increased, there caipe a moment when slight 
but unavoidable fluctuations, due to draughts outside the tunnel mouth, 
caused intermittent but strongly marked movements on the sand floor. 
The first occurrence of these took place, rather surprisingly, near the down- 
wind end of the tunnel. The disturbance ran rapidly down the rest of 
the tunnel and in a short time ceased as suddenly as it began, cessation 
beginning at the upstream end of the disturbed patch. 

A further slight increase in the air speed caused such movements to 
occur more and more frequently until a steady sand flow was maintained. 
The point in the tunnel at which motion began, at first near the extreme 
down-wind end, moved further and further up the tunnel until it reached 
half a metre or less from the bell-mouth. Sand placed at the mouth itself 
was never disturbed even at the highest speeds used, despite the fact 
that the drag and the normal velocity gradient must be a maximum here. 

The threshold wind at which movement began had no very clearly 
defined value. It was noticeable that if, after the sand movement had 
continued for a little time, the wind was reduced to below the threshold 
speed and again increased, sand movement occurred at a higher wind 
speed than if the surface was freshly raked over. This is understandable 
since on the old surface it is to be expected that all the grains have already 
been dislodged from the more unstable or more exposed positions. Two 
threshold speeds must be accepted; an iqiper, or “static” threshold, 
corresponding to an old stable surface, and a lower or “ dynamic thres- 
hold ”, of which more later, corresponchng to a disturbed surface. When 
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the motion has once been initiated at the higher threshold wind speed, 
we may picture the bombarding grains as disturbing the surface so that 
motion will persist, as long as the sand flow lasts, even though the wind is 
reduced to the lower threshold speed. If, however, grains cease to 
arrive from up-wind to disturb the surface, the latter will become stable at 
the up-wind end and a condition of greater stability will work along the 
surface, bringing a cessation of movement with it. 

Again, since the sand surface is never disturbed even by the highest 
wind within a certain distance of the sand’s up-wind extremity, the distance 
varying inversely with the wind speed, it seems that the threshold con- 
dition depends in some way on the length of the exposed surface. A 
point worth noting is the persistence of this undisturbed length of sand 
surface immediately down-wind, not only of the tunnel mouth, but of 
the boundary of an area of pebbles with which the up-wind half of the 
tunnel floor has been covered. 

The rate of sand flow, at a wind speed just above the threshold, increased 
slowly with the distance along the tunnel until the ultimate steady rate 
was reached. If the sand supply was switched on at the tunnel mouth, 
sand movement began at the point at which the incoming grains struck 
the surface, and an excavation of the surface was formed there. The rate 
of increase of the sand flow was much greater than before, as can be 
seen in fig. 3b. It will be noticed that owing to the excavation of sand 
at the point of entry, the flow rises to a maximum which is higher than the 
ultimate rate, and falls to a minimum before the ultimate rate is reached. 
An increase in the incoming supply caused a more violent excavation and 
a correspondingly higher maximum, but the steady rate remained the 
same. Thus, for any given wind speed there is a certain ultimate steady 
rate of sand flow. 

The ripple length, or the distance between one ripple crest and the 
next, increased with rising wind speed from 2 -4 cm. at the lowest speed 
used— that at which the sand motion was only just stable even when 
stimulated by an incoming supply — to about 3 cm. at the threshold speed, 
and to a maximum of nearly 12 cm. When the wind exceeded a certain 
speed the npples flattened out and disappeared, leaving a smooth, flat 
surface. 

The appearance, at very low wind speeds, of bombardment craters 
has been described. Apart from the formation of these craters, little or 
no forward movement of the surface grains along the surface was seen. 
As the wind speed increased, however, the formation of the craters was 
accompanied by a forward jerking movement, at first only a few milli- 
metres at a time, but gradually increasing with rising wind speed till at 
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high speeds the whole surface appeared to be creeping slowly forward. 

Efforts were made to determine the mass-distribution of the sand flow 
with the height above the surface by weighing the sand collected in each 
of a set of tubes held at a range of heights. This was not entirely success- 
ful owing to the continual variation of the height of the surface itself as 
the ripples advanced, and also owing to the difficulty that however the 
collectors were placed the flow was interfered with. Neither of these 
troubles was serious at great heights but both became apparently insuperable 
within a few millimetres of the surface— just where the bulk of the sand 
was flowing. Other methods have been tried but with still less success. 



0 2 4 6 8 10 12 14 16 18 

Relative density of flow 

Fk). 5— Approximate curve showing distribution of sand grains according to height 
above the surface. 

However, the fact emerged that the mean height of the sand cloud, 
that is, the height at which as much sand was collected above as below, 
varied from about 0*5 cm. at the lowest wind speeds to about 1 - S cm. at 
the highest speed used, which corresponded to about 34 miles per hour if 
measured at a height of one metre. 

Visually the cloud is very deceptive; for the top, as seen quite clearly 
in a bright light when looking down the tunnel, is some ten times higher 
than the mean height. Fig. 5 shows a typical curve connecting the 
quantity of sand collected in a given time with the height of collection. 
It will be seen that a small change in the zero height of the surface will 
make a serious error in the mean height. 
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4 — ^WiND Velocity and Surface Drag 

The wind velocity varies, of course, for any given pressure drop, from 
zero at the tunnel surface to a maximum at some height near the centre 
of the tunnel depending on the relative drag of the top and bottom 
surfaces. A search was made for some standard method, whereby the 
wind velocity distribution at which a given sand flow, ripple length, or 
pressure drop took place could be specified independently of the tunnel 
dimensions. 

As a preliminary to velocity measurements with flowing sand, the 
characteristics of the air flow were found for the case when the identical 
sand surface was fixed so that no sand movement could take place. To 
do this the sand surface was first allowed to conform to the wind con- 
ditions corresponding to a particular fan rate by driving the sand until 
the ripples were well developed. The whole surface was then fixed 
without disturbing any of the grains by spraying with water vapour from 
an “ atomizer ”. The fan was again turn^ on and the wind velocity 
explored with the pitot tube from a minimum height of 0-2 cm. This 
process was repeated for the whole range of wind speeds used. In order 
to minimize any errors in estimating the true height above such an irregular 
surface as that of sand, and also to guard against the measurement near 
the surface being affected by the particular ripple phase at which measure- 
ment took place, the readings were repeated at four different places one 
metre from each other along the tunnel. 

The mean of the four readings for each height was plotted against the 
log height, and the results gave straight lines conforming well with 
Prandtl's equation _ 

(5-75 log|+ 8-5), (1) 

where v is the mean horizontal air velocity at any height z, t is the surface 
drag in dynes per cm.*, p is the density of the air, and k a length repre- 
senting the dimension of the surface irregularity. Since when v is zero, 
z must be equal to Ar/30 in order to satisfy equation (1), and since the 
surface irregularity should, when the surface is fixed, be the same for all 
wind speeds, all the plots should converge to one focus on the log z axis 
and this intercept should give a height z equal to 1/30 of the size of the 
irregularity. The actual lines do so converge, to within a small margin 
of error, and the mean intercept gives a value for k equal to 0-06 cm., 
which is about half-way between the grain size and that of the little impact 
craters in the surface. 
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The quantity \/ - has the dimensions of a velocity, and specifies the 
^ P 

distribution of the velocity with height for any surface for which k is 

constant. In accordance with the accepted notation, is denoted by 

P 

By differentiating equation (1) with regard to log z it will be seen 


that - r 7 i-—- \ = 5- 75 V*, so that the value of V* can be read off at sight 

dQogz) * 0 * 

from any experimental plot of the normal velocity distribution ; and hence 
the drag -r --- pV* can also be readily found from the plot, (p is regarded 
as constant and equal to 1 - 2 x 10 *.) 

The dotted lines in fig. 6 show a set of curves plotted on a logarithm 
scale connecting wind velocity with height for different fan speeds when 
the surface was fixed. It will be noted that the velocity, even at as low a 
height as 0-2 cm. above the surface, increases considerably as the general 
wind speed is raised. 

On repeating the measurements when the surface had dried off and 
the sand was again mobile, it was found that the steepest rays, correspond- 
ing to the lowest speeds below the threshold value, were much the same as 
before. But the unexpected fact emerged that for wind speeds above 
the threshold the Pitot tube placed near the surface at a height of 0-2 cm. 
never gave a pressure corresponding to an air speed greater than 210 cm./ 
sec. In fact, the velocity at this height dropped suddenly from 260 cm./ 
sec. when the sand movement started to 200 cm. /sec. when the move- 
ment became continuous, and subsequently decreased still further to 
175 cm. /sec. when the wind speed was greatly raised. The rays crossed 
each other at a height between 0-2 and 0-4 cm., and intersected at an 
approximately fixed point for all winds above the threshold. 

The point {v = 250, z = 0-3) thus became a new focus for the velocity 
rays in place of the usual intercept {v~0, z — A:/30). The continuous 
lines in fig. 6 show the arrangement of the velocity distribution when this 
sand flows over its own loose surface. 

Before proceeding further, it was necessary to consider whether the 
Pitot tube was showing the total head of a fluid consisting of a mixture 
of air molecules and sand whose density could be taken as the total mass 
of matter in unit volume, or whether it was the total head due to the air 
alone. A sand grain of the size dealt with is so little affected by the 
fluid that if travelling at, say, 400 cm. /sec. and suddenly entering still 
air, its velocity will not be reduced to half-value till it has travelled 20 cm. 
Since the Pitot tube used was only 3 cm. long, there seemed no possibility 
that the column of air in it could have absorbed any appreciable part of 
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Fio. 6— Normal wind velocity distributicMB. Dotted lines ref(»’ to flow without sand 
movement; heavy continuous lines to flow during sand movement 
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the momentum of the grams that entered the tube Nor, owing to its 


comparatively low susceptibihty, i e , the stopping or deflecting power of 
the air on the gram, could the passage of the latter outside the tube have 
any appreciable influence on the air inside 
In order to make certain, however, that the pressures measured could 
really be attnbuted to the air alone the experiments were repeated with 
very coarse sand of 1 0 mm diameter— as large as the whole outside 
diameter of the Pitot Exactly the same arrangement of velocity dis- 
tributions was found, though naturally the iix^ focus occurred at a 
higher wind speed 


Prandtl s equation 


( 5 75 log I + 8 5^ for the velocity dis- 


tribution of the fluid flow near a boundary is derived from his general 


equation 


by taking / the 


Mischungsweg as proportional 


to the distance from the boundary and equal to 0 4 times that distance 
If this condition should approximate to the truth in the region above the 
layer of air affected by the sand cloud, it should be possible to replace the 
actual crooked velocity curves found by experiment by straight lines 
which would give the velocity distribution and shear stress in the air 
above the disturbed layer 


Transferring the ongin to the experimental fixed focus Prandtl s 
equation (1) reduces to 


iJ- 5 75V^log|-t-V, 


( 2 ) 


where V, is a constant velocity (approximately 250 cm /sec in the case of 
sand here dealt with), k is now the height of the focus above the surface, 

and IS equal to \/ - (t being the total drag or the shear stress per umt 
P 

area of surface in the air above the sand flow) 


In fig 6, a straight line will be noUced marked = V* = 19 2 
This line represents the wmd distribution at the lower or “ dynatmc ” 
threshold It also passes through the focus (n - 250, z — k), so that it 
appears that the velocity at which the feeblest sustained movement of 
sand will start, if stimulated by a shower of grains upon the surface, 
remains the same, at the height k , at all higher velociUes also, when sand 
is moving freely This identification of the constant velocity of equation 
(2) with the dynamic threshold wind velocity is also true for imiform 
sands of other gram sizes, even up to 1 0 mm in diameter 
The constant hei^t k' at which V, is measured appears from my 
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Fio. 1— Special wind tunnel. 
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Proc. Roy. Soc., A, voL 157 , Plate 13 



Fig. I— Special wind tunnel used. 
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experiments to remain the same for larger grain sizes. Existing theory,! 
based on the fluid force acting on a grain resting on the surface, indicates 
that the threshold velocity for different grains should vary as the square 
root of the diameter, the velociQr being taken as that at the top of the 


grain, so that e* = A' 


Experimental support, however, has 


been forthcoming only from observations on the general velocity of the 
fluid at far greater heights, I find experimentally that the square root 
relation does not hold when the velocity is measured at a fixed height, 
but that it is very closely true when the velocity in each case is taken at a 
height z equal to k of equation (1), that is, at a height equal to the diameter 
d of the grain ; the velocity at such a small height being read off the con- 
tinuation of the straight line velocity plot (e.g., the dotted line of fig. 6) 
which gives the velocity distribution at the dynamic threshold. 

Equation (1) can be written u = 5-75 log ^ and when z — k, vis 


proportional to V* for all values of Ac, i.e,, for all dimensions of the 
surface irregularity. Hence 



(3) 


where At' = 0’3, <r — 2-65 (quartz), d is the mean diameter of the grain, 
and A is found to have the value 0-43. 

It now remains to discover whether the drag as obtained from the 
estimated ultimate direction of the velocity rays (the continuous lines 
of fig. 6) agrees in any way with the actual drag which the moving sand 
bottom now contributes to the pressure drop along the tunnel. 

The pressure drop along the tunnel is caused by the total of the resisting 
forces contnbuted by each unit of area of the walls, roof, and bottom. 
The walls and roof remaining the same whatever kind of surface is placed 
upon the floor, it is possible to estimate the drag caused by them by 
subtracting from the total pressure drop the contribution thereto due to 
the floor surface, when this is known. The result should be the same 
whatever fixed floor surface is used. Thus, once a curve is obtained for 
the drag due to the walls and roof of the tunnel in terms of the mean 
tunnel air speed, it is possible to arrive at the drag due to the flowing 

t Owoii, 'Geogr. J.,’ vol. 31, p. 418 (1906); JefTceys, ‘Proc. Camb. pbil. Soc.,’ 
vd. 23, pt. 3, p. 272 (1929); Davis, ‘ Engineering,’ vd. 140, n>. 2, 124 (1933). 
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sand on the floor at any given mean air speed, by subtracting the drag 
of the walls and roof from the total drag as obtained from the pressure 
drop. 

This was done for the whole range of wind speeds dealt with, using as 
a check in obtaining the drag of the walls and roof three different kinds 
of fixed floor surface, (i) sand fixed by spraying, (ii) coarse grit scattered 
evenly over the wood floor, and (iii) the bare wood floor. The drag due 
to the bottom was in each case deduced from the velocity distribution. 
As the figures for (ii) and (in) lay closely along the same curve as those for 
condition (i), it was concluded that the curve gave reliably the drag due 
to the walls and roof. 

If equation (2) represents the actual state of affairs, the drag due to the 
sand flow along the bottom ought to be obtainable from the slope of the 
straight line rays, drawn from the focus to meet the actual experimental 
curves well above the top of the sand cloud. This drag should be the 
same as that found above from the pressure drop measured during the 
same experiments in which the velocity curves were taken. A com- 
parison of these two sets of results is given below 


Mean tunnel speed, cm., sec 

.. 508 

620 

703 

880 

T from pressure drop 

21 

3-7 

4-7 

10-6 

T- PV/ 

1 9 

3-1 

4-7 

9 4 


On the assumption that equation (2) is a fair approximation to the 
truth, it is of interest to compare the surface drag at a standard height of 
one metre with and without sand flow over a surface of the same sand. 
For the flowing sand condition we have 

p - 250= 5-75 I log 333, 

so that 

T = 5-75 X 10 •(«- 250)*, 


and for the fixed surface 

„-./i(5.75logJ^+8.5> 

SO that T = 1-7 X 10“*ti*. 


V in cm./sec 

. . 530 

583 

1000 

2000 

V in m.p.h 

11-9 

131 

22-5 

45 

T for sand flow 

0-44 

0-63 

3-20 

17-4 

T without flow 

0-44 

0-58 

1-7 

6-8 
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These figures give a good idea of the extent to which a loose sand surface 
can affect the wind which blows over it. 

It will be seen from equation (2) that the velocity distribution above the 
sand cloud (for sand of a given grain size) is uniquely determined by the 

value of - a/ 1 . In what follows all the sand effects described will 
^ P 

be specified in terms of V,,, for the flowing sand condition and the wind 
over any fixed surface will be specified in terms of V. 

Reference to fig. 6 will show that the velocity distribution departs from 
the straight line relation of equation (2) in the neighbourhood of 1 cm. 
height, and that the curves make a pronounced kink, the thickest part of 
which rises in height as increases in value. It seemed likely that this 
kink indicated the height at which the grams receive most of their forward 
momentum from the air. If the grains describe ballistic paths from 
impact to impact, the height of the centre of the kink might indicate 
some sort of mean height to which the grains rise. This is strongly 
supported by the similarity between this height and that found for the 
mean height of the mass-flow by the collecting tube method. 

When originally trying to devise some manageable way of dealing 
with such heterogeneous things as sand grains, I used the idea of replacing 
the real grains by an ideal gram which would behave in the same manner, 
under the given conditions, as the average grain of a sample. Since we 
are here dealing with a similarly heterogeneous collection of gram paths, 
of all heights and velocities, we might, by pursuing the same idea, obtain 
an ideal grain path which would have the same effect upon the air as the 
real sand cloud, and would therefore characterize the sand flow for a 
particular wind velocity. In order to follow this up, it is necessary to 
examine the nature of the ideal paths traced out by ideal grains when they 
are projected into air streams of different velocities at various initial 
speeds. 

5 — Grain Paths and Ripple Length 
I have supposed the ideal gram to start vertically upwards with initial 
velocity Wi and the air velocity distribution to be that of the experimental 
curves of fig. 6. Having chosen one particular velocity distnbution, Vig, 
I traced by the approximate method given in the Appendix the path 
which an ideal smooth sphere of the same equivalent diameter as the 
experimental sand grains (0 -018 cm.) would follow if given some arbitrarily 
chosen initial velocity Wi. Several such paths corresponding to different 
values of Wi were traced for the same wind, and then similar sets of paths 
were traced, for the same set of values of but for new wind speeds. 


2 s 2 
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The paths are purely mathematical curves, based on nothing but the 
accepted drag on a smooth sphere as defined in terms of the Reynolds 
number. Since the work of path tracing does not lend itself to analytical 
treatment and can only be done by a laborious approximate method, it is 
impracticable to obtain any path at will. I have therefore linked together 
the sets of paths already traced by approximate relations from which the 
principal elements can be obtained for any intermediate paths. 

The most important of these elements are : 

which defines the distribution of wind velocity. 

d the equivalent gram diameter, which has remained unchanged 
throughout the present work. 

Wi the initial velocity of rise. 

t/i the final horizontal velocity of the grain at impact. 

I the range, or total distance travelled down-wind between take-off 
and impact. 

z the maximum height of rise. 

The following approximate connexions were found between these 
quantities ; 

(a) The height 2 can be expressed by the empirical expression 




where V is here the wind velocity at the height 2 . The negative dimension- 
less term was found by trial and error to give values for 2 in agreement 
with those found from the traced paths over a wide range of values of 
both Wi and grain diameter d. The effect of changes of V on the value of 
2 is very small, and in most cases it suffices to retain some mean value of 
V for a wide range of Wi. 

(b) The ratio //m, was found to be equal to the time of rise of the grain 
if no drag were acting. So that 


Wi =gllut or ^ X Wi — g (to within 5% error). (5) 

(c) Owing to the complicated nature of the velocity distribution, I 
have only been able to complete the relation of the grain path elements 
graphically. Fig. 7 gives the connexion between the wind velocity dis- 
tribution as defined for a grain of 0 018 equivalent diameter, the range / 
and the height 2 . Curves showing the values of and ujl both in 
terms of 2 are also added for convenience. 
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On the ballistic hypothesis, the drag opposed by the sand movement to 
the air stream is due to the extraction of momentum from the latter in 
accelerating the grain during its passage along its path. For any given 
path, therefore, the maximum effect upon the air will take place at the 
height at which the grain receives the bulk of its forward momentum. 
From an examination of the figures obtained in calculating the above 

Fnitial upward velocity of gram W, 


20 40 60 80 100 120 



0 5 10 15 20 25 30 35 40 

Values of ratio ««// 

Path elements for a grain of equivalent diameter = 0'018 cm. 

Flo. 7. 

grain paths, it appears that the grain receives 50% of its momentum 
between the ground and 0'8r, and the remainder between 0‘8z and z. 
On the other hand, the 50% level as regards the quantity of sand that 
would be collected by orifices placed at every height is the level at which 
50% of the total range / is gained above and 50% below. This height is 
0-75z. 

After examination of the evidence, it was decided that if the whole 
sand flow could be replaced by a single imaginary path which every grain 
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pursued, this characteristic path should have a maximum height equal 
to 1 ’3 times the level to which the evidence points as being that of maxi- 
mum interaction between air and sand ; that is, the height of the maximum 
width of the kink in the velocity curves. 

Two assumptions were now made. (1) The initial velocity of rise Wi 
of the characteristic grain bears some constant ratio to the velocity 
distribution V^, of the air. This seems reasonable since the characteristic 
grain is supposed to be ejected from the surface by the impact of a grain 
whose final velocity of impact is the mean of that of all the grains describ- 
ing all possible paths in the sand cloud. Since these grains are exposed 
to the air stream at all heights, their mean velocity of impact is likely to be 
controlled by V^, which defines the whole distribution of air speed. Thus 
It was assumed that: 

Wi = BV*., (6) 

where B may be regarded as an “ impact coefficient (Note— The 

block letters Wi, Ug, L, and Z refer in what follows to the elements of 
the characteristic path whereas the corresponding small letters refer to 
any path.) 

(2) The height of rise Z is to be measured from the origin of equation 
(2), that IS, from a height k' above the surface, so that 

Z = (Zo - k') - (1 -SH - k') ik' - 0-3 cm.). (7) 


Substituting in equation (3) we have 


where 


Z - |l - CB%,»V‘} , 




Putting B 0 8, the right-hand side was evaluated for each experimental 
value of and values found for Zg and H in each case. H as thus found 
agreed fairly closely with the heights of the centres of the kinks in the 
velocity curves of fig. 6. 

Using the curves of fig. 7, the range L was taken out for each value of 
Zg. Below are tabulated the values of H, Zg, and L corresponding to the 
different wind speeds used in the experiments. The figures are based 
on (a) equations (6) and (7), {b) the calculated theoretical grain path 
relations, and (c) an arbitrary value of B chosen so as to make H agree 
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with the height of the centre of the kink in the experimental velocity 
curves. 


19-2 25 40 4 50-5 62-5 88 

Zo 0-4 0 47 0-73 0-94 1-23 2 0 

H 0-31 0-36 0-56 0-72 0 95 1-54 

L . .... 2-5 3 0 5 4 8 0 11-6 27 0 

Ripple 2 4 3-0 5-3 9 15 11-3 (no 

ripples) 


The ripple length, which is also shown above, was found experimentally 
by counting the number of ripples along a considerable length of tunnel 
in the same actual experiments in which the curves of fig. 6 were taken 
and from which the other figures are derived. The remarkable corre- 
spondence between the range of the characteristic path and the experi- 
mental ripple length may, of course, be a pure coincidence. But it is 
likely, I think, that there is a physical basis of fact behind it For even 
though there is no evidence that the majority of the grams pursue the 
characteristic path, yet if this path is real enough for its height to appear 
in the observed effect of the sand flow upon the air, it is just as likely that 
its range should also appear in the effect of the sand bombardment upon 
the surface. 

With regard to the height k’, which appeared as the height at which the 
limiting air velocity V, occurred, and is introduced into equation (7); 
its physical significance may be the height of the top of the ripple above 
the mean height of the surface. Experimentally, owing to the length of 
time taken in making the velocity readings which created k\ the ripples 
were always well formed while the readings were made. The ripple 
height is of very much the same order as k' and the ripples flatten out at 
high wind speeds much as k’ is seen to fall in value at high wind speeds 
in fig. 6. 

6 — The Drag Caused by the Sand Flow over a Loose Sand 
Surface 

If a stationary sand grain rises from the surface with a forward velocity 
Ui and strikes it again, after travelling a distance /, with horizontal velocity 
t/i, all of which is lost on impact, the momentum extracted from the sand- 
influenced layer of air will be w (mj — i/O, where m is the mass of one 
grain. The loss will be distributed over the distance / along the surface. 

If, of a total heterogeneous sand flow in which a mass q passes a fixed 
I ine per second, a mass has a certain range /, this elementary mass of 
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sand must take ofT somewhere in the length / every second, and as, for a 
steady flow, a like mass must also land on the same length, the rate of 
loss of momentum by the air due to the elementary flow 8^ must be 
8^ (wj — «i), so that the drag caused by Sq will be 8F = 8^ ^ “i) and 

the whole drag due to the whole flow will be 
F== 


If we replace the total heterogeneous flow by an ideal one in which all 
the grains pursue one path, we shall have 




(U.-U.) 

L 


( 8 ) 


for the drag due to the flow. This will act on the air, not on the surface, 
but at a height comparable with that to which the grains rise, the drag 
diminishing both above and below the level of maximum effect. 

If the above ideal grain path can be identified with the characteristic 
path referred to in the last section, F should be equal to t. By neglecting 
Ui, as being very small compared with U„ we have 

F=(7?^’. (8a) 

and since Ug/L is a grain path relation obtainable from fig. 7 for any 
given value of V^, by making Wi equal to O-SVg) (equation (6) et seq.) 
It IS possible to compare F with t. The following table gives the experi- 
mental values found for the sand flow q in terms of together with two 
sets of values for t ; the first, t — ^ being deduced from the quantity 

of sand flowing over the surface, and the second, t == pV^*, being deduced 
from the air velocity distribution as modified by the sand flow. The 
value of q is expressed in grams per second passing a transverse line 1 cm. 
long. It was measured directly by dividing the algebraic sum of the 
changes in the readings of the spring balances supporting the tunnel 
by the time of the run. 


19-2 25 40-4 50-5 62 88 

q 0-0042 0-029 0-118 0-25 0-44 1-22 


vr u T ^ sm-w *-r 

(by (5) and (6)) J 

t = 9U,/L .... 0-27 1-4 3-6 6-0 8-7 17 

T=pVft» 0-44 0-75 2-0 3-1 4-7 9-4 
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It will be seen that the drag as calculated from the assumed type of 
motion of the grains is of the same order as that estimated from measure- 
ments of air velocity. It is, however, too high by an almost constant 
factor 1 -9 (except for the extreme case of the feeble wind V*, — 19-2). 
A discrepancy in this direction is rather to be expected since it was assumed 
that all the grains rise vertically into the air so that Ui is zero. If Ui is 
not negligible the value of the expression for the drag t = ^ (Uj — Ui)/L 
will be reduced. 

Allowing for this discrepancy, the measured sand flow q can be expressed 
in terms of wind motion. Thus 

^ = l-9TL/U2 = l-9pVg*L/U2 
= l-9pV^*BV^/gby(5) and (6) 

= l-9|BVg* (10) 

or ^ = 1 -8 X 10'® V^® approximately for sand of 0-025 cm. diameter. 

Since by equation (2) V® is proportional to i>, — V„ it appears that the 
flow q for a uniform sand is proportional to (i>, — V,)®, where n, is the 
wind velocity measured at any height z and V, is given by equation (3). 

7— Extension to Other Surfaces— Conclusion 

It must bif emphasized that the foregoing results can only be expected 
to hold good for sand of uniform grain size. But the theory should 
provide a basis upon which investigation can be extended to the more 
practical case of sands composed of grains of mixed sizes, driven over a 
surface of similar mixed sand or of pebbles. By way of conclusion, an 
outline may be given of preliminary results obtained for the extreme case 
of a mixture composed of the same uniform fine sand used in the pre- 
ceding experiments and a coarse grit 3 mm. in diameter. 

The grit pebbles were scattered as evenly as possible over the surface 
of fine sand, the density of distribution being fairly thin— about one pebble 
per sq. cm. The grit was much too coarse to be moved at all cither by 
the wind or by the bombardment of the finer grains. 

After an initial period during which surplus fine sand was removed 
from between the pebbles, a condition of stability was reached when no 
fWther sand grains were moved by even the strongest wind, i.e., the 
scattered surface pebbles completely protected the sand from disturbance 
either by the wind itself or by the granular bombardment. 

A stream of sand was now, as before, allowed to enter the tunnel 
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mouth. This sand passed down the tunnel without causing any changes 
in the surface. The behaviour of the sand cloud as observed and photo- 
graphed was now very different from that of the corresponding sand 
cloud passing over a bare sand surface. In particular : — 

(a) The grain paths were far higher and their distribution with height 
was nearly uniform instead of their being confined largely to the bottom 
2 cm. Grains were seen to strike the roof and to rebound downwards. 
A hole was cut in the roof, and grains were seen to shoot out of it (against 
the in-draught of air through the hole) and to rise to a height of more 
than 80 cm. above the surface. 

(h) The grains, instead of splashing into a soft yielding surface of fine 
sand, now continued on their way striking the pebbles and rebounding 
with very high velocities approaching that of the wind itself. 

(c) The average grain, instead of moving in a path whose length was 
of the order of 10 cm., now moved in long hops, rising to a considerable 
height and having a range of several metres 

From equations (5) and (8) we should expect that with this type of 
motion where m-i has a much larger value than before and where Ua/L is 
correspondingly smaller, the drag caused by the sand movement should 
be considerably less than before. This was confirmed by experiment. 
Comparing similar conditions of wind and sand flow, the drag as measured 
by the change of pressure drop between sand flow and no sand flow was 
less than a tenth of that for a surface of plain fine sand. 

The intensity of sand flow along the tunnel is that of the incoming sand, 
since after the initial sweeping-up there is no surplus sand on the surface 
to be picked up en route. Hence the former limiting mechanism by 
which the surface movement so checked the air stream that no further 
surface grains could be set in motion to augment the flow, is here absent 
altogether. In other words, for a given wind strength the rate of sand 
movement over a plain surface of fine sand is limited, whereas that over a 
pebble surface is not. It follows that such a pebble-covered surface can, 
for a given pressure drop, pass a larger quantity of sand than can a bare 
surface of fine sand. 

Consequently, when a wind, in moving' over a normal pebbly desert 
surface, has picked up and is dnving along a heavy charge of surplus 
grams which have been lying about between the pebbles, it must, when it 
reaches a surface of bare fine sand such as a dune, deposit any excess of 
charge over and above the limiting charge which the sand surface can 
pass for that particular wind speed. I think this is undoubtedly the 
explanation of the striking phenomenon observed in desert countries that 
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all the sand is swept up neatly into dunes leaving the surrounding desert 
floor almost devoid of sand. 

Finally, I must express my thanks to the authorities of the City and 
Guilds (Engineering) College for their kindness in providing accommoda* 
tion for the apparatus used; and to Dr. C. M. White for his valuable 
advice and assistance. 


APPENDIX 

Calculation of Grain Paths — ^The ideal grain is supposed to start 
vertically upwards from the surface with velocity Wi, and the air is supposed 
to have the same velocity distribution as that found experimentally and 



Flo. 8 — Approximate construction used in calculating theoretical grain paths. 

given in fig. 6. The air stream is divided into a convenient number of, 
say six, horizontal layers and the velocity in each is supposed constant. 
Within the bottom layer the path is found as follows (see diagram in 
fig. 8). 

From the initial velocity vector AG (in this case of the bottom layer 
AG is vertical and equal to Wi) is subtracted the velocity GB of the air in 
layer 1 so that the conditions are changed to those of the gram being fired 
backwards into still air with velocity AB and at an angle BAH. 

The magnitude of the grain’s velocity is allowed to fall by a small 
arbitrarily chosen amount BE, and during this period t the magnitude is 
assumed constant and equal to (AB + AD)/2 == V,„. By the end of the 
period the direction has changed to AD by an angle a. The total change 
of velocity has been made up of a change BC = gt vertically downwards 
due to gravity, and a change CD = Ft due to the air resistance whose 
direction is always opposite to that of the relative velocity. It is assumed 



MUtafy Sfhtrt Oaviffk Hts JUr in. mtiru per tte. 

Fk}. 9— T1i6 ** nitoeptibility " of a smooth sphere in air, calculated for the density 
2'65 of quartz. 
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as an approximation that during the period this direction is parallel to 
the bisector of the angle BAD, making an angle a/2 with AB. 

The value of t is unknown, but the ratio of F to g is the “ susceptibility ” 
S found for the velocity V„ from the diagram of fig. 9 reproduced from 
my previous paper (by permission of the R.G.S.). Lines CC' and C'D' 
are drawn so that C'D'/CC' = S, C'D' being made parallel to the esti- 
mated final angle BAH — a/2). (A small error in this estimation only 
makes a second order error in the result.) 

The intercept D of the arc ED with the line BD' then gives the final 
velocity vector AD, and if DC is drawn parallel to C'D', the length 
CD = gSt, so that / = CD/^S, whence / the distance travelled (backwards 
through the air) during the period is V„r and its direction with the 
horizontal is (BAH — a/2) = DA'H. 

The backward horizontal travel is therefore /cos DA'H. But during 
the period the air itself has moved forward a distance Uit, so that the 
range clement relative to the ground is Ui/ — / cos DA'H. Similarly 
the height element is / sin DA'H. 

With a little experience, a good guess can be made at the velocity 
change BE which will bring the grain to a height approximately equal to 
that of the top of layer 1 . 

A new diagram is now constructed starting with AD as the initial 
velocity vector. From this is subtracted a horizontal velocity equal to 
the increase in air speed between layer 1 and layer 2. 

Thus the whole path can be traced out, by dead-reckoning so to speak, 
from layer to layer. It is unfortunate that no analytical method seems to 
be possible owing to the complex nature both of the air velocity and the 
susceptibility. The latter is based on the accepted relation between the 
drag on a smooth sphere and the appropriate Reynolds number. The 
diameter of the sphere is taken as 0-75, the mean dimensions, as measured 
microscopically, of the average sand grain of the approximately uniform 
sand used. 


Summary 

The motion of sand grains and their reaction on the air stream when 
wind blew over a thick layer of dry uniform sand on the floor of a wind 
tunnel was investigated experimentally. The paths of the individual 
grains were photographed. The wind velocity distribution and the 
pressure drop were measured during the sand movement and compiared 
with results obtained over the same surface when movement was pre- 
vented. At the same time the total mass flow of sand past various sections 
of the tunnel was measured directly. 
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The grain motion was found to consist of a series of bounds; the grains 
rose steeply into the air stream and fell slowly, gathering forward velocity 
and striking the sand surface with sufficient impact to splash up more 
grains into the air stream. Irregularities in the grain paths due to internal 
air movements were undetected. 

The wind velocity at a height comparable with the surface sand ripple 
amplitude — about 0-3 cm. — remained constant for all mean tunnel 
speeds above that at which sand movement started ; this constant velocity 
is a function of the grain diameter. 

The drag due to the sand movement is measurable. This drag was 
found to be a maximum at the height above the surface at which maximum 
acceleration of the grains took place. By the replacement of the actual 
movement of the grains in heterogeneous paths by an ideal movement in 
which all the grains follow one characteristic path calculated from the 
forces acting on a smooth sphere rising into the same air stream with a 
certain initial velocity of rise, values were obtained for the drag which 
such a movement would exert. .These values were found to agree with 
the actual drag as deduced from the pressure drop along the tunnel and 
also from the normal velocity distribution curves. 

The length of the characteristic path from impact to impact was found 
in all experiments to be the same as the measured wave-lengths of the 
ripples formed on the surface. 
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A Note on the Quantum Yield of the Photosensitized 
Decomposition of Water and of Ammonia 

By H. W. MtLviLLE 

{Communicated by E K. Rtdeal, F.R S. — Received S May, 1936) 

When hydrogen atoms are produced by collisions between hydrogen 
molecules and excited mercury atoms m mixtures containing gases other 
than hydrogen, there is always a complication introduced by the fact 
that these gases may also react with the excited Hg atoms. This difficulty 
appeared when studying the kinetics of the exchange reactions of deuter- 
ium atoms with hydrides. In the latter reactions exchange may occur 
by the dissociation of the hydride and subsequent recombination of the 
fragments with atomic deuterium. With the object of finding the maxi- 
mum possible rate of this type of exchange, measurements have been made 
of the quantum yields of the decomposition of H 2 O, DjO, and NH 3 at 
different temperatures. These measurements are of importance, for in 
the water exchange experiments it was not possible at higher temperatures 
to decide unequivocally that the exchange went by way of the chain 
reacUon D -h HjO = HDO -f- H, H -f D, - HD + D. 

The experimental arrangements were similar to those described for 
the exchange experiments with the exception that a Pirani gauge was 
employed to measure the pressure of gas after the water or ammonia had 
been frozen out by means of liquid air. Droplets of mercury were dis- 
tilled on to the surface of the tube leading to the reaction vessel to ensure 
that mercury vapour was present throughout the run. 

Water 

First it was necessary to determine the nature of the products of the 
reaction. This was done by measuring the pressure of the gas with a 
Pirani and with a McLeod gauge. The gas proved to be hydrogen. Had 
there been any oxygen in addition, the sensitivity of the gauges was such 
that 2% of 0| could have been detected. The oxygen must therefore 
combine with the mercury, the simplest reaction being Hg -f HjO =-= 
HgO -f H,. From the present point of view, it is the rate of the back 
reaction, namely the reduction of the mercuric oxide, which controls the 
rate of exchange. The water was therefore condensed out and the rate 
of disappearance of hydrogen measured, keeping the vessel illuminated. 
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Some runs are shown in fig. 1 where it will be seen that as soon as the 
hydrogen begins to accumulate, the rate of decomposition slows down. 
The rate of disappearance of hydrogen is, however, smaller than would 
correspond to the decrease in rate of decomposition. Using a pressure of 
water vapour of 8 ■ S mm., the quantum yields for the decomposition have 
been measured by observing the initial rate of dissociation. The results 
are shown in Table I. In the third column of the table the quantum 
yield for dissociation has been calculated for a mixture of 12 mm. HjO 
and 50 mm. D*, using the values of the quenching radii found by Evans,* 



Fio. 1. 

and in the last column are given the observed quantum yields for the 
exchange reaction under comparable condition of light intensity. It 
will be seen at once that the exchange y's are much larger than those 
observed in the present experiments and hence it must be concluded that 
the exchange does not take place appreciably by the dissociation and 
subsequent reformation of the water molecule. 

Ammonia 

If exchange between deuterium and hydrides goes by way of a back 
reaction, the quantum yield cannot exceed unity. When y is greater than 
unity, there is no doubt that the chain mechanism is the correct inter- 

• ‘ J. Chem. Phys.,’ vol. 2, p. 486 (1934). 
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Table I — Quantum Input 2-0 x 10^* per sec. Volume of 
Vessel 86*8 cc. Pressure of HgO 8*5 mm. 


Tempmiture 

Y 

Y 

Y 

'C. 

(H|0 decomp.) 

(H,0-D, mixture) 

(exchange) 

45 

0-018 

2-4 X 10-* 

0-1 

220 

0-028 

3-8 X I0-* 

— 

330 

0-032 

4-4 X 10^ 

0-7 

430 

0-037 

4-9 X 10-* 

— 

580 

0-036 

4-9 X 10-* 

2-4 


D,0 



50 

0-007 



210 

0-023 




pretation; this happens with ammonia above 300" C. In previous work 
on the kinetics of the decomposition of ammonia* an expression was 
deduced which predicted the temperature coefficient of the rate of dis- 
sociation. The experiments described below were made to test the 
validity of the formula. To complete the work on ammoma, it was also 
essential to determine the quantum yield of the sensitized decomposition 


Table II- 

-Input 2-0 x 10'* 

QUANTA SEC."'. 

Ho Press. 0-001 mm. 

Press. 

mm. 

Temp. 

"C. 

Init. rate 
mm. min.-' 

Y Yp-® 

psu, for 

Y* Yoc/2 

(direct) (press, re- 
duced to 0° C) 

73 

50 

0 0231 

0-045 0-05 

0-14 11-1 

5-0 

50 

0-0097 

0020 — 

_ 

75 

260 

0 0880 

0 17 0-26 

0-34 12-5 

5-0 

260 

0-0165 

0-032 — 

. 

75 

432 

0-234 

0 45 0 65 

0 56 7-9 

5-0 

432 

0-054 

0-11 — 

— - 

* Ogg, Leighton, and Bergstrom, ‘ J. Amer. Chem. Soc 

vol 56, p. 320 (1934). 


in order to see if it is identical with that of the direct reaction as is required 
by the theory {loc. cit.). The data at three temperatures are given in 
Table II. 

First, it will be noted that the value of y for p = «> increases with 
temperature at about the same rate as that for the direct reaction, and 
that Y for sensitized reaction is practically identical with that for the 

• MelviUo, ‘ Proc. Roy. Soc.,’ A, vol 152, p. 325 (1935). 
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direa reaction. This provides farther evidence that once the molecule 
is dissociated the secondary reactions which occur are the same in both 
cases. Secondly, it will be observed that the concentration of ammonia at 
which the rate of decomposition falls off to half its value at high pressures 
slightly decreases on increasing the temperature to 430°. Now it has 
already been shown that 

1 kit 

[NH,V 1 + 

where [NH,]!,* is the concentration at which R = iR*. ki, and k^ 
are respectively the velocity coefficients for the deactivation of excited Hg 
atoms to the metastable state by ammonia, for raising the ^Po Hg atom 
to the state by collisions with ammonia and for the rate of dissociation 
of ammonia by “Pq atoms, t is the mean life of the ®Pi atom. At 20° C., 
k^lki is 5 '9, which corresponds to a difference in energy of activation of 
the two reactions of 1000 cats. Assuming that ki is independent of 
temperature, which appears to be the case for quenching of mercury 
resonance radiation, then the value of k^lk^ at 432° C. is 2 ’5, which 
therefore reduces the value of by a factor of 2 - 0 compared with 

that at 50°, whereas the observed decrease is 11 '1/7 9 — 1-4. 
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The Mercury Photosensitized Exchange Reactions of 
Deuterium with Ammonia, Methane, and Water 

By A. Farkas and H. W. Melville (Department of Colloid Science, 
The University, Cambridge) 

{Communicated by E. K. Rideal, F.R.S. — Received 5 May, 1936) 

Amongst the simplest reactions in chemical kinetics are those involving 
an interchange between a free atom and an atom in a polyatomic mole- 
cule. One example of this kind of reaction is the exchange of a deuterium 
atom with a hydride, namely D 4- HX -- DX + H. The deuterium 
atoms required to start the reaction may be produced electrically, photo- 
chemically, or thermally. The following reactions have been investigated 
by the thermal method : 

H + H„ D + D„ D + Ha, H + D,* * * § , D + NH*. 

Exchange reactions involving CH 4 and NH 3 and deuterium atoms pro- 
duced photochemically have been demonstrated by Taylor, Jungers,t 
Morikava and Benedict,! but the results do not lead to quantitative 
conclusions regardmg the mechanism. Geib and Steacie§ have used H 
atoms from a Wood’s tube to effect exchange with CH*, NH,, and CaH,, 
but in the light of subsequent results this method is attended by the 
intrusion of complicating factors, to be discussed later, whose magnitude 
is difficult to assess accurately. 

The subject of the present paper is the investigation over a wide range 
of operating conditions, of the mercury photosensitized exchange re- 
acdons of hydrogen and deuterium with the simplest hydrides, namely 
water, ammonia, and methane. 

Anticipating the results, it may be stated that the experiments permit 
quantitative conclusions being drawn with regard to the energetics of 
ffiese processes. 

• Farkas and Farkas, ' Proc. Roy. Soc.,’ A, vol. 152, p. 124 (1936). 

t Taylor and lungers, ‘ J. Chem. Phys.,’ vol. 2, p. 452 (1934). 

} Taylor. Monkava, and Benedict, ‘ J. Amer. Chem. Soc..’ vol. 57, p. 383 (1935). 

§ • Z. phys. Chem.,’ B, vol. 29, p. 215 (1935). 


2 T a 
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Experimental 

In an exchange reaction of the type H + DX the rate is proportional 
to the hydrogen atom concentration. The hydrogen atom concentration 
may be measured by observing the rate of conversion of para-hydrogen 
which takes place by the mechanism H + p-H, — o-Hj + H since the 
kinetics of the Hg sensitized conversion have already been investigated 
by Farkas and Sachse.* The procedure in carrying out all the experi- 
ments to be desenbed below is to mix p-hydrogen with deuterides (e.g., 
p-Hj + ND 3 ) or o-deuterium with hydrides (e.g., o-Dg + CHJ, illumi- 
nate in presence of Hg vapour, and observe the rate of ortho-para con- 
version and the exchange in the same mixture. 

Since it was expected that the velocity of the exchange reaction would 
be small, particular care was taken to obtain the highest possible intensity 
of resonance radiation. Hitherto, in performing photochemical reactions 
at high temperatures, it has been necessary to place the source of light 
outside the furnace, a procedure which leads to a serious reduction in the 
intensity This difficulty was overcome in the present experiments by 
using a Hg-Ne high voltage discharge lamp,t the construction of which 
permitted its operation inside the furnace, the electrode chambers, 
naturally remaining outside. Fortunately, the intensity of the light is 
practically independent of the operating temperature even up to 600° C., 
and, moreover, remained sensibly constant (within 20 %) over a period of 
several weeks. A further advantage of this type of lamp is that at least 
90% of the energy radiated is in the resonance line at 2537 A, and therefore 
no special filters need be used to prevent direct photochemical reaction. 
Another advantage in having the lamp and reaction vessel at the same 
temperature is that the shape of the emission line (or separate com- 
ponents) and of the absorption line is changed to the same extent by 
alteration of temperature. Although this may not be an important 
factor for the present experiments, none the less it will be of particular 
importance if the absorption of light is not complete. It may also be 
mentioned that the lamp is started simply by switching on, no tilting 
being necessary, and that a steady operating condition is attained within 
a few minutes of starting up. Though the input was only 60 watts the 
total output attained the large value of about 10 “ quanta per second. 

The arrangement of the lamp and reaction vessel in the furnace is 
shown in fig. 1. The reaction vessel R of silica, length 12 cm., and dia- 

• ‘ Z. phys. Chem.,’ B, vol. 27. p. Ill (1934). 
t Melville (In the press). 
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meter 2 cm., is enclosed within a shutter consisting of two cylinders Sj 
and Sg of aluminium foil each having a rectangular opening. S, was 
maintained in a fixed position and Si was supported on the bearing B 
and rotated by the handle H. Only one limb of the lamp was used, the 
other being covered with aluminium foil. To reduce the intensity of the 
light, a filter F was constructed of aluminium foil with one 1 mm. hole 
per square cm. This filter could be moved along the limb of the lamp 
by means of an attached wire W. Temperatures were measured with a 
chrome-alumel thermocouple and millivoltmctcr. 

The following gases and vapours were used, Hj, p-Hj, Dg, o-Dg, HgO, 
DgO, NHg, NDg, and CH 4 . Special care was taken to eliminate small 
traces of oxygen from these gases. The hydrogen and deuterium were 



diffused through palladium and subsequently converted in the usual 
way. The deuterium was 80-90% D. The ‘* 0,0 ” contained 92% D. 
The ammonia was prepared from Mg,N, and HgO and DgO. By weigh- 
ing, the NO, was found to contain 90% D. The first sample of methane 
prepared by the interaction of Al^C, and water exhibited an anomaly 
to be described later and therefore three other samples were prepared to 
ensure that the effect was not due to an impurity. These were made (1) 
from another sample of AlgC,, ( 2 ) by the reduction of methyl iodide with 
Zn-Cu couple, (3) from a cylinder of natural methane. All samples 
were purified by the usual methods and finally fractionated by means of 
liquid nitrogen. 

Usually a 50: 50 mixture of gases was used except with water where the 
vapour pressure was too small. Pressures were measured by a capillary 
mercury manometer and by a Bourdon gauge for smaller pressures. 
Total pressures were not allowed to fall below 100 mm. to ensure that the 
hydrogen atoms mainly combined in the gas phase. After a suitable 
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time of illumination, a sample was withdrawn, after waiting for a few 
minutes’ diffusion to establish uniformity in the gaseous mixture in the 
capillary, by means of the tap the key of which was partially filled with 
picein. The para-content and D-content were measured by the micro- 
thermal conductivity method,* water and ammonia being frozen out with 
liquid air and the methane with liquid hydrogen. 

Exposures were made with three intensities: (1) without filter, (2) 
filter partially in, and (3) filter completely in. The relative rates were 
35: 17: 1. 


Experimental Results 

Before describing the results obtained in the several exchange reactions, 
some general features common to all will be discussed. 



Fio. 2—485'’ C., 80 mm. H„ 12 mm. D,0. 


To ascertain whether a heterogeneous exchange reaction occurs at 
higher temperatures, the gases were left in the reaction vessel for a con- 
siderable time (on the basis of previous experiments a homogeneoust 
reaction does not take place at the temperature employed). In fig. 2 
the percentage D-content in 80 mm. hydrogen when mixed with 12 mm. 
D,0 is shown as a function of the time of heating. It is evident that an 
increase in the D-content due to exchange reaction only occurs when the 
vessel is illuminated and stops immediately the light is switched off— a 
fact which clearly demonstrates that die progress of the exchange reaction 

* A. Foricas, ‘ Z. phys. Qiera.,’ B, vol. 22, p. 344 (1933) ; A. Farkai and L. Farkas, 
• Proc. Roy. Soc.,’ A, vol. 144, p. 467 (1934). 
t ‘ A. Faritas, ‘ J. Cbem. Soc.,’ p. 36 (1936). 
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is not complicated by induction periods nor by photochemical after- 
effects. Sunilar results were also obtained for the exchange reactions of 
methane and ammonia. 

As has already been mentioned, m all experiments the progress of the 




ortho-para conversion and of the exchange reaction were measured 
consecutively. Fig. 3 shows the progress of the conversion and exchange 
in a mixture of 50 mm. p-H, and 50 mm. ND,, and fig. 4 for 51 mm. 
o-D, and 50 mm. CH*. The left-hand ordinate refers to the conversion 
reactions (curve 1, open circles) and the right to the exchange reaction 
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(curve II, f ull circles). The progress of the exchange reaction was followed 
until equilibrium was reached, the latter composition of the gas being 
indicated on the right-hand ordinate. Although the progress of the 
conversion obeys the exponential law V = (V = excess of the 

ortho or para component relative to normal Dj or Hg), the same law 
applies only approximately, but with sufficient accuracy, to the progress of 
the exchange reaction, namely 

Z=Zoe-*>"'‘, 

where Z = «/«, — u. m being the D-pcrcentage of the hydrogen measured 
experimentally and the percentage D at equilibrium (cf. figs. 3, 4, and 
5). The half-life times may therefore be used to characterize the velocity 
of both reactions. 

Effect o/ NHj, H,0, and CHg on Stationary H Atom Concentration— 
Experiments were also made to determine whether the H atom concen- 
tration is affected by the addition of these hydrides. With NHg and 
HgO, no considerable effect could be detected at any temperature, but 
with CH* above 150" C. the H atom concentration was reduced con- 
siderably. The results for NH„ HjO, and CHg arc shown in Table 1. 

Table I— Effect of NHj, HjO, CHj on the Stationary H Atom 



Concentration 


Temperature 

“C. 


Tj (conversion) 

40 

( 98 0 

2 7' 

33 

180-2-1 19-8 CH 4 

3 0' 

39 

1 50-0 

5-6' 

30 

1 41-8 + 37-2 ND, 

5-5' 

238 

95*2 

2 - 1 " 

238 

83-0+ 19-0 NH, 

3-0" 

238 

83-0 4 ^ 13-0 D,0 

2 - 8 " 

238 

81-8 4- 20-2 CH, 

T| is half-Iife time. 

17-0" 


The establishment of the equilibrium is shown in fig. S for a mixture 
of CH 4 ■+ Dj and for a mixture of HjO + D j in fig. 1 1 . The equilibrium 
reached in these experiments is in agreement with calculations. 

For example, consider the exchange reaction of methane and deuterium. 
To a first approximation the ratio of the ratio (H/D) in the hydrogen to 
the ratio (H/D) in the methane at equilibrium is given by the equation 
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>vhere K is the equilibrium constant of the reaction 
CH* 4- HD = CHjD + H*. 

It IS assumed that the equilibria 

[CH3D]« , [CHD3]» 

[CH4][CH3D3]’ [CH3D][CHD3]’ [CH,D,][CD4] 

have the classical values. 


80 


40 


%D 


0 10 20 30 40 

Min. 

Fra. 5— eiO" C; 49 2 mm. D,; 55 8 mm CH. 

K is calculated from the formula 

_ /„ K = ^ _ falvnjP J». -In 2, 

RT Mch, . Mho Ich, • Ihd 

where AE is the heat content change in the reaction and the other symbols 
have their usual significance. For methane AE and Tch.d rnay co”'* 
puted from the measurements of the vibrational frequencies of CHgD.* 
In a similar way the equilibrium constants for the reactions 

HjO + HD = HDO + H, and NH, + HD - NHjD + H, 

may be calculated. The values so obtained at different temperatures are 
given in Table 11. 

• Howard. ‘J. Chem. Phy8.,’vol. 3, p. 207 (1935); Gimburg and Barker, ibid., 
vol. 3, p. 668 (1935). 
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The number of quanta entering the reaction vessel was measured by 
observing the rate of decomposition of oxalic acid sensitized by the UO,++ 
ion* and the rate of hydrolysis of monochlor-acetic acid.f The procedure 
was first to measure the rate of the conversion, then fill the reaction 
vessel with the appropriate solution, and after illumination withdraw 
the solution for analysis. The pressure of the mercury vapour in the 
reaction vessel was 0-001 mm. and consequently half the resonance light 
IS absorbed in a layer of vapour 2 mm. thick. For practical purposes. 

Table 11 

300 400 600 800 1000 

2-6 19 1-4. 1-2 10 

3 5 2 6 1-9 1-6 1 4 

4-8 3-4 2-4 2-0 1-8 

therefore, all the resonance light is absorbed in the reaction vessel. 
Similarly the concentration of the UO,++ ion was such 

(0-001 M (UO,) C,04 + 0-005 M HaC.O,), 

that all the light was absorbed. On the other hand, the monochlor-acetic 
acid is not quite so opaque. The extinction coeflScients of the 0-1 N 
solution used were calculated from Rudberg’s figures, and correction was 
applied (25%) to the quantum input in order to arrive at the total number 
of quanta passing through the reaction vessel. The chloride was esti- 
mated by adding excess silver nitrate, filtering off the silver chloride, and 
back titrating the filtrate with potassium thiocyanate, and the oxalate 
by titration with 0-01 N KMn 04 as recommended by Forbes and Heidt. 

With reaction vessel II the values so obtained for the number of quanta 
entering the bulb per sec. were 

5 X 10^‘ estimated by means of chloracetic acid% 
and 

10 X 10^* estimated by means of uranyl oxalate, 

the half-hfe of para-hydrogen being 1 -5 minutes at 43° C. 

For the present purpose, the agreement between these two measure- 
ments may be regard^ as satisfactory though the discrepancy is far 

* Porbe and Heidt, ‘ J. Amor. Chem. Soc ,’ vol. 56, p. 2313 (1934). 
t Rudberg, ’Z. Phys.,’ vol. 24. p. 247 (1924). 
t In subsequent calculations, the diloracetic value will be taken. 
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outside the limits of experimental error. Somewhat less satisfactory is 
the relation between the rate of para-hydrogen conversion and the light 
intensity as compared with Far^s and Sachse’s results, where 2 x 10'* 
quanta per sec. gave a half-life of 20 sec. or 40 sec. with 5 x W* quanta 
compared with 90 sec. in the above experiments. 

At higher temperatures, where the tolf-lifc of para-hydrogen decreases 
to a fraction of a second, accurate measurement is not possible. The 
procedure adopted was therefore to cut down the light intensity by inter- 
posing the filter. The decrease in intensity was measured directly by 
performing two para-hydrogen conversion runs at a lower temperature 
with and without the filter. In this way the half-life could be increased 
by a factor of 17, as shown m Table III. 



Table III 



Mixture, mm 

Temperature 

*C. 

Filter out 

Filter in 

Factor 

SO-Sp-H, 12 5D,0 

40 

258' 

3600' 

14 

55-4p-H, 9 -50,0 

160 

40" 

670" 

16-7 

52-2p.H, 50 WH, 

311 

5*6" 

102" 

18 



Min. 

FK>. 6, 

It appears that with the exchange reaction the filter factor may be 
slightly smaller, e.g., 50 : 50 mixture of ammonia and deuterium at 578“ 
the half-life without the filter was 0-79' and 9 • 5' with filter, giving a factor 
of 12. 

Exchange with Awwonte— The kinetics of the separate exchange 
reaction will now be discussed in detail. Fig. 6 shows a typical series of 
experiments with a 50 : 50 mixture of H| and ND, at a total pressure of 
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too mm. at constant light intensity. From these curves the half-life 
for exchange has been computed by taking the equilibrium value calcu- 
lated above and taking into account the fact that the composition was 
not always exactly 50 : 50 (variation ± 10%) and that the D-content of 
the “ NDs ” was 90%. The values obtained are shown in Table IV. 

Table IV— Exchange with ND, (R.V.I.). Effect of Temperature. 
Quantum Input 2 x 10^* per sec. 


Temperature 

(exchange) 

Tj (conversion) 

(exchange) 
T* (conversion) 

“ C. 

30 

12000 

330 

36 

208 

3200 

53 

60 

268 

900 

22 

40 

318 

390 

13 

30 

369 

200 

10 ■ 

20 

398 

120 

— 

— 


Table V shows the influence of composition of the mixture on the rate 
of exchange. The pressure was maintained constant in order to keep 
the stationary concentration of atomic hydrogen at a constant value 

Table V— Effect of Composition. Temperature 290° C. 

ND, H, Total tj 

press. press. press. (sec.) 

52 49 101 720 

30 ' 73 103 840 

IS 89 104 1080 

In a separate series of experiments runs were made with H 2 and ND3, 
on the one hand, and D, and NH, on the other. The results are shown in 
fig. 7 in which the mixtures were 50 mm ND3, 52 mm. Ha, and 48 mm. 
NHa. and 52-6 Da (92-5%) at 259° C, and 50 4 mm. ND,, 60-2 mm. 
Hg, and 51 mm. NH, + 50 mm. D, at 397° C., the change in D and H 
content respectively being plotted against time. As is usual, the reaction 
with ND, proceeds more slowly. 

The ammonia experiments were repeated in the second reaction vessel, 
when the measurements could be extended to higher temperatures with- 
out the intrusion of a heterogeneous reaction which vitiated the results 
in the first reaction vessel. Similar results were obtained. The extended 
data are given in Table VI. Again the mixtures were 50 : 50, the total 
pressure being 100 mm. The D-content of the hydrogen was 61%. The 
p-H, conversion was determined in a neighbouring run. The filter was 
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employed at the highest temperature, as both exchange and conversion 
were too quick to measure accurately at this temperature. 


Table VI— Quantum Input 2 x 10“ per sec. 


Temperature 

“C. 

50 

178 

311 

582 

578 


(exchange) 

16800 

2760 

540 

SO 

530* 


Tj (/^-conversion) 

318 

20 

6 

1-3 

21* 


T| (exchange) 
Tj (conversion) 
53 
138 
90 
38 
25 


Fitter in position. 



Discussion of the Ammonia Reaction 
The hydrogen atoms are produced in the first place by the dissociation 
of hydrogen molecules colliding with excited mercury atoms, and dis- 
appear at the high pressure used in these experiments, mostly in three 
body collisions in the gas phase. Therefore a stationary concentration 
of atomic hydrogen is set up. The para-hydrogen is then converted by 
collisions between atomic hydrogen, and p-H,. The dissociation and 
subsequent recombination of atoms also leads to a conversion, but the 
quantum yield of the conversion in all experiments was invariably not 
less than twenty, and hence the conversion must almost exclusively be 
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due to the reaction H + p-H, o-H, + H, the activation energy being 
6000-7000 cal. 

Similarly the exchange reaction can occur in two different ways. The 


first mechanism is 

Hgi + NHj-Hgi + NH, + H 1 

Hgi + D,->Hg» + D + D 2 

NHj + H-h-NH,* 3 

NH, + D -> NH,D 4 

the second mechanism is 

Hg* + D, -> Hg + D + D 2 

D + NH 3 ^ NH,D + H 5 

H + D, > HD + D, and so on 6 


The first reaction mechanism is characterized by the fact that its 
quantum yield cannot exceed unity even if all the excited mercury atoms 
were deactivated by ammonia. On the other hand, the second reaction 
may have a quantum yield (y) greater than unity as it is essentially 
a chain reaction. Furthermore, if the observed quantum yield for exchange 
is greater than unity then the second mechanism is only one whereby 
exchange can take place. Table VII shows that y > 1 above 300° C. 

Table VII— Input in Quanta per sec. 2 0 x W® 



No. of para-hydrogen 

No. of hydrogen atoms 

Temperature ° C 

molecules converted 

exchanged with ammonia 


per quantum absorbed 

per quantum absorbed 

30 

16 

0-30 

178 

152 

1-32 

311 

480 

5-4 

S80 

1840 

39 


CThc above results calculated from data in Table VI) 

Below 300° C., the low quantum yield cannot be attributed wholly to the 
occurrence of the back reaction (e.g., 4) as the fraction of excited Hg 
atoms deactivated by ammonia is much smaller than y; for instance, at 
50° C. this fraction for a 1 : 1 mixture is given by the usual formula 



Melville, ‘TTans. Faraday Soc.,’ vol. 28, p. 888 (1932). 
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where o is the effective collision diameter and is the reduced mass of 
the colliding particles. 

The following values* for a were taken o*HgNn, = 2-94 x 10'“ 
cm.®, a*HgKD, — 1 ‘09 X 10 “ cm.*, a*Hgii, = 6 01 x 10““ cm.*, and 
o*HgD, ==8-41 X 10 “ cm.*. The mean vdue of the fraction is about 
1 /14. Recent experimcntsf have shown that this fraction may be very 
much smaller since the ammonia molecules only deactivate the 3Pi 
mercury atoms to the ®Po state. A part of the exchange observed at low 
temperatures is probably due to a small amount of direct photochemical 
dissociation of ammonia by light of X < 2300 A. 

To discuss the kinetics of the reaction, it is necessary to derive a relation 
connecting the observed half-life for exchange with the velocity constants 
of the various reactions which lake place. The main reactions involved 
are 

H + Dt^HD+D 
kt 

k» 

H + HD^H^+D 
ki 
*6 

D + NH, ^ NHgD -f H 
k, 

kf 

D -f NHgD NHD, + H 
k, 
ku 

D + NHD, ^ NDg -f H. 
kio 

Assuming classical distribution of hydrogen and deuterium among the 
molecular species involved, and assigning the characteristic velocity con- 
stant ki for the exchange reactions involving hydrogen molecules, then 

ki — kx== ki — ki = kt, 

and a characteristic velocity constant kw for the exchange reactions 
involving the ammonia molecules, then 

kn = k5 — 3k, — = %k, = 3k,. 

• Zemansky, • Miys. Rev.,’ vol. 36, p. 919 (1930) ; Evans, ‘ J. Chem. Phys.,’ vol. 2, 
p. 486 (1934). 

t Melville. ’ Proc. Roy. Soc.,’ A vol. 152, p. 325 (1935). 
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The rate of exchange is given by the equation 


.<*_A:i,([NH,]+i[D.])[Do] , 

3?” [DJ + ln/l..INHJ -Z- 


where Z is the excess concentration relative to the equilibrium-value and 
is given by the equation 

Z = M - [DJ/Q [NH,] + [D J), 


u being the percentage D content of the hydrogen as measured experi- 
mentally. [Do] IS the stationary concentration of atomic deuterium and 
is given by the equation 

[Do] = {I/A:„i([Dd-h[NHo])}l. 


where I is the intensity and Arm is the trimolecular velocity constant, 
assuming (a) that Dj and NH, have the same trimolecular velocity 
constants, and (b) that all the H/D atoms disappear in this way. The 
above equation, of course, refers to NHg and D„ but it is obvious a 
similar equation holds for ND 3 and Ho. 

The half-life (exch.) is therefore given by the equation 


/n2_ A:n([NH,l-H[Do]) [D], 
Tj [Do] -f knlki [NH3] ' 


( 1 ) 


The half-life (con.) for the para-hydrogen conversion is given by an 
equation of a similar type 


bil 

T, (con.) 


-^ilD]„. 


It must be emphasized that the approximation introduced here is that 
the velocity constants of the reactions H + H, and D -f D, are equal 
to ki. Hence 

(ex.) _ Ati [D,] + fell [NH,] 

Tj(con.) “ A:„ [NH,] 4- i [D,] ' 

In the case where [NH,] = P,] then 

(ex.) _ Ari -I- A:n 
^^(con.) l-66A:ii‘ 

Using the values of ’r^(fix.)|r^(fx>n.) given in Table VI the following 
results given in Table VIII were obtained. 

This equation only holds at high temperatures where the equilibrium 
constant of the reaction HD -{- NH( = NH,D + H, has the classical 
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value of 3/2. At lower temperatures the value is greater than Zjl. This 
leads to a much more complicated equation in which the value of kilku 
does not appear explicitly. To avoid this difficulty, Z has been set equal 
to M — i/oo where «« is the equilibrium concentration calculated from the 
data given on p. 632. 

The next question to decide is why the velocity constant k^i is so much 
smaller than ki. In the first place it may be due to an energy of activa- 
tion. The dependence of the absolute rate of the exchange reaction on 
temperature Table IV gives in the range 280 to 450° C., an energy of 
activation of 9*5 kcal. compared with 7 kcal. for the para-hydrogen 
conversion. 

Table VIII 

Temperature “ C 187 311 369 580 (720)* 

kt/krj 230 150 — 42 ca. 30 

* From thermal measurements. 

Another check on the energy of activation for the exchange reaction is 
given by the dependence of the ratio kilku on temperature. From the 
results in Table VIII the additional energy of activation is computed to be 
4 kcal., or a total energy of activation of 11 kcal. for the exchange reaction. 
Furthermore, assuming that the smaller rate of the exchange reaction is due 
wholly to an increased energy of activation, the additional energy of 
activation calculated from the absolute ratio kjikn is 5 kcal. or 12 kcal. 
total energy of activation. The mean of these determinations is 1 1 ± 1 
kcal. which value is in agreement with the energy of activation obtained 
from the study of the thermal interchange of deuterium and ammonia.* 

The steric factor for the reaction must also be taken into consideration. 
This may be calculated by comparing the ratios kjlku experimentally 
determined with those calculated on the basis of an additional energy of 
activation of 4 kcal. The latter computation would give 28 at 300° C. 
and 10 at 580° C. compared with the experimental values of 100 and 30 
respectively. It will be seen that the order of magnitude of these values 
is as close as could be expected having regard to the simplifications made 
in the derivation of the kinetic formula. The discrepancy between the 
calculated and observed ratios may be increased, however, if more than 
two “ square ” terms of the ammonia molecule contribute to the activa- 
tion. For example, taking 6 square terms for NHs increases the rate of 
activation by a factor of 25 at 600° C., which would then be compensated 
by a correspondingly much smaller steric factor. It is not yet possible to 
separate the square terms and steric factors. 

* Farkas, ‘ J. Qiem. Soc.,’ p. 26 (1936). 
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The dependence of the rate of the exchange on the composition as 
shown in Table V is m agreement with the formula, as may be seen from 
fig. 8 where the reciprocal of the half-life time is plotted against the 
[ND 3 ]/[H 2 ] ratio. It will be recognized that the experimental points lie 
on a straight line and that the ratio of the intercept to the slope of this 
line is 0-5, in satisfactory accordance with the calculated value of 0-66. 

The last point to discuss is the different rates for the exchange reactions 
involving, on the one hand, a mixture of NDj and Hj and, on the other, a 
mixture of NHj and D„ the relative rates being at 259“ C, 1:3*2, 
and 1 : 2 at 397“ C. The temperature dependence of this ratio corresponds 
to a difference in the activation energies 2-4 kcal. A similar figure 



(1*6 kcal.) is obtained from the ratio itself after allowing for a mass 
factor of which reduces the number of collisions by this factor in the 
reaction 

D -i- NHj + NH,D -H H, 
compared with that in the reaction 

H + ND, =ND,H + D. 

This difference in the activation energies is due to the different zero 
point energies of the molecules NH, and ND, which is 2*4 kcal. 

Since the energy of activation 11 ± 1 kcal. measured experimentally in 
the exchange reaction is an average of those for the individual exchange 
reactions 1 — 10, p. 637, the energy of activation of the reaction 
D + NHa = NH,D + H, 

will be 1 kcal. smaller than this average value, i.e., 10 kcal., and that of 
H + ND, = ND,H -1- D 
1 kcal. larger, i.e., 12 kcal. 
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From th^ data it also follows that the separation in the energy levels 
of the activated complexes NDjH and NH 3 D involved in the above, 
mentioned exchange reactions cannot be more than 1 -5 kcal. 

Exchange Reactions with Methane 

The exchange experiments with methane were done in the same way as 
those with ammonia, the only difference being that liquid hydrogen was 
used to freeze out the methane from the original mixture. 

Fig. 9 shows the progress of the exchange reaction in the reaction 
vessel I in the temperature range 278-506° C., the mixture being approxi- 
mately 50 mm. CH« -f- 50 mm. D, (82% D.) In this series the rate of 



the para-hydrogen conversion was determined in parallel runs and corre- 
sponding half-lives are given for a mixture of para-hydrogen and methane 
and para-hydrogen alone. 

Table IX— Quantum Input 2-0 x 1(P* per mc. 

Half-life times in seconds 


Temperature ^ ^ 

•C. Without CH, WithCH 4 

119 31 30 

170 10 20 

201 6 — 

280 1-8 IS 

340 1 0 5 


a V 2 
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From Table IX it appears that above 150° C. the rate of the para- 
hydrogen conversion varies much less with temperature than would be 
expected, and that above this temperature the conversion goes more 
slowly in the presence of methane, e.g., the rates are equal for a mixture 
of methane and para-hydrogen at 340° C., and for pure para-hydrogen at 
201° C. To investigate this anomaly further, experiments were made m 
which the CH 4 was not removed (there was no liquid H, available at the 
time) ; this circumstance decreased the accuracy of the measurements which 
were, however, accurate enough to demonstrate that the effect is real. 
Table X contains the results obtained, which refer to mixtures of 20 mm. 
CH 4 + 80 mm. p-H, or 100 p-H j as the case may be. It will be recognized 
that the inhibiting effect is really characteristic of methane. 


Table X 


Temperature 

Half-life of para-conversion 

Source of CH« 

•c. 

37 

In absence of 

CH« 

180 

In presence of 
CH* 

162 

ex AI«C, I 

116 

— 

30 

ex Al 4 Ca I 

235 

2-4 

17 

ex A1«C, I 

235 

— 

18 

ex AI«C, 11 

235 

— 

22 

exCH,I 

238 

2 0 

17 

exey Under 


In the reaction vessel II the exchange experiments were repeated using 
mixtures of ortho-deuterium and methane, thus eliminating the necessity 
of performing two experiments. In this series the CH* was again removed 
by liquid hydrogen. The results are summarized in Table XL 


Table XI— Total Pressure 100 mm. SOCH* -f- 500, 


Temperature 

Half-life of 
conversion 

Half-life of 
exchange 

Ratio 

Remarks 

•c. 

40 

(sec.) 

900 

(sec.) 


Filter removed com- 

134 

270 

_ 

_ 

pletely 

189 

270 

9000 

— 

~ (Quantum mput 

340 

90 

3900 

43 

— 5 0 X KF'sec.-* 

453 

144 


IS 

— 

610 

48 

372 

8 

— 


To orientate these experiments with respect to the para-hydrogen 
conversion to which all die exchange reactions are referred, the ratio of 



Exchange Reactions of Deuterium 643 

the rates of conversion of para-hydrogen have been compared with ortho- 
deuterium. At 40° C, the ratio is 5-5 : 1 and at 184° C, 4 0:1. 

In order to show that the exchange reaction with methane is of the 
true exchange type D + CH 4 -*■ CHsD + H, the quantum yields have 
been calculated in Table XII, and demonstrate unequivocally that above 
400° C. the value of y is greater than unity. The absolute values are 
somewhat smaller than with ammonia on account of the decrease in the 
hydrogen atom concentration at high temperatures. 

Table XII 

Temperature Y (conversion) Y (exchange) 

"C. 

189 3-3 0 10 

340 7 6 0-18 

453 4 1 0-27 

610 9 8 1-2 

The derivation of the expression for the exchange kinetics of methane is 
carried out in exactly the same way as for ammonia, except that there are 
now five different methanes and ^erefore four equations describing the 
exchange. Equation (1) (p. 638) under the same (i.e., classical) assump- 
tions now becomes 

fa2_ fen([CH4] + HD,])[D]o 
[D«I + knlki . [CH4] ’ 

and hence combining with the expression for the half-life of the ortho- 
conversion 

T# (ex.) _ + kn 

Tj(con.) l-5Arii 

The ratio of the values of ki to are given at different temperatures 
below. 

Table XIII 


Temperature ” C 189 340 453 610 

*i/Jfcn 51 63 23 12-2 

kilkn* 190 156 93 45 


♦ Calculated for AE of 6000 cal. and same stcnc factor. 

As may be seen from fig. 10, the plot of the log. x* (ex.) against 1 /T gives 
an apparent energy of activation of only 7000 cal. This calculation is 
invalid on account of the decrease in D atom concentration with increasing 
temperature. To obtain the true energy of activation it is therrfore 
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necessary to plot ki/kn against 1/T, which gives directly the additional 
energy of activation for the exchange reaction compared with the ortho- 
deuterium conversion. This amounts to 6000 cal. The energy of 
activation may also be obtained from the absolute rate of kjlkn, and 
this amounts to 5000 cal. Table 111 also shows what the values of kilku 
should be, assuming that the whole difference is due to 6000 cals, additional 
energy of activation. The observed values are somewhat smaller, thus 
suggesting that, compared with the H + H, reaction, the steric factor is 



a little larger. This, of course, might also be due to the participation 
of more than two square terms. At all events, the agreement is within the 
error introduced by the uncertainties in the numerical calculation. 

The energy of activation then is computed to be 13 ± 1 kcal. This 
again is a mean value of the exchange reaction of the five methanes, and 
therefore the energy of activation for the reaction D -|- CH 4 = CHj + H 
will be the somewhat smaller and H + CD* = CD,H + D somewhat 
larger than 13 kcal. 

The next problem to be settled is the cause of the disappearance of the 
hydrogen atoms in the presence of methane. One explanation suggests 
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itself immediately. It is that the effect is due to the presence of some 
impurities. This, however, is invalid since the inhibiting effect was found 
with four different samples of methane. 

A possible process which may account for the removal of the hydrogen 
atoms is the reaction 

H + CH 4 == H. + CH,. 


From the investigations of Polanyi and V. Hartel* and Pancth,t it is 
known that such a reaction actually occurs, though the energy of activation 
IS of the order of 15 kcal. (Geib and Harteck).t§ This reaction will 
only reduce the hydrogen atom concentration effectively if it proceeds 
fast enough to compete with the three-body recombination of the hydrogen 
atoms. Furthermore, the equilibrium in the above reaction must lie on 
the right-hand side. The first postulate requires an energy of activation 
of somewhat less than 15 kcal., the latter an exothermic heat effect in 
the reaction 

H + CH 4 = H, + CHa. 

Although both requirements are not easily compatible with the data 
concerning this reaction at present available, the possibility of its occurring 
has been tested in the following way. If the concentration of the hydrogen 
atoms is reduced by a bimolecular process, then the atom concentration 
in the presence of methane should be directly proportional to the Intensity, 
whereas in the absence of methane the H-atom-concentration varies as 
the square root of the light intensity, the atoms being removed in three- 
body collision. For example, with a mixture of 20 mm. CH 4 and 83 mm. 
p-Hj, the filter increased the half-life at 389° C., from 20 sec. to 220 sec., 
corresponding to a factor of II compared with one of 15 obtained in 
absence of methane. This indicates that the above reaction is not 
responsible for the reduction of the hydrogen atom concentration. 

Two other possibilities are (a) a large increase in the quenching radius 
of methane with temperatures or (b) an increase in the efficiency of three- 
body collisions including methane as the third body. Both (a) and (h), 
however, are improbable as there are no examples of such behaviour in 
processes of this kind, i.e., the quenching radii independent of temperature 
for Hi, CO, Ni. With methane the quenching radius at 500° C. would 
need to be about 50 times that of hydrogen whereas at room temperature 
it is only 1/250 of that of hydrogen. 

• Hartel and Polanyi, ‘ Z. phys. Chem.,’ B, vol. 11, p. 97 (1930). 
t Pancth, Hofeditz, and Wunach, ‘ J. Chem. Soc.,’ p. 372 (1935). 
t Harteck and Oeib, * Z. lAys. Chem.' A, vol. 170, p. 1 (1934). 

9 Bonhoeffer and Harteck, ‘ Z. phys. Chem.,’ A, vol. 139, p. 64 (1928). 
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Further experiments are, however, necessary to elucidate the nature of 
the collisions responsible for the disappearance of the hydrogen atoms. 

Exchange Reactions with Water 

The exchange experiments with water were carried out in the same way 
as those with ammonia, the only difference being that the water pressure 
was limited to 11-12 mm. Hg (vapour pressure at room temperature). 
The progress of some typical runs (in reaction vessel II) are shown in 
fig. 11 in the temperature region 318-585° C. the reaction mixture 50 mm. 
p-H, + 12 mm. DjO (90% D). 



The conversion of para-hydrogen was measured simultaneously with 
the exchange reaction, but in these experiments it was found that the 
latter proceeded about one thousand times more slowly than the con- 


version (Table XIV). 

Table XIV 


Temperature 

(exchange) 

T| (conversion) 

°C. 

(sec.) 

(sec.) 

318 

1560 

1-1 

415 

1200 

0-8 

585 

750 

— 


Since the half-life times for the para-hydrogen-conversion were so short, 
it was not possible to measure them very accurately and therefore the rate 
of the para-hydrogen was re-determined after cutting down the light 
intensity using the filter. The results of two runs are given in Table XV. 
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Table XV— Quantum Input 2*0 x 10^* per sec. 

Ti for conversion 

v| • — . T 4 (ex.) 

Temperature for Without tj (conv.) 

" C. exchange With filter 

filter calculated 

sec. sec. sec. 

368 3600 58 3-9 900 

586 840 12 0-7 1200 

In reaction vessel I in this temperature range similar results were 
obtained. Table XVI gives some results at lower temperatures in terms of 
the relative rates of the exchange the conversion rate being taken as unity 
in order to make the data independent of light intensity and geometrical 
arrangement of lamp and reaction vessels. 

Table XVI 


Tempwaturc 



-r* (exchange) 

“C. 

conversion 

exchange 

Tj (conversion) 

50 

75 

15000 

200 

187 

4 

2100 

530 

317 

1-8 

1600 

880 



8 If. 24 

Min, Fko. 12. 


In two runs (in bulb I) again the rates of the exchange reactions 
between H,0 + on the one hand, and between D,0 + H„ on the 
other, have been compared. The results are given in fig. 12 in a manner 
simile to that used in fig. 11. Curve A refers to a mixture 15 -2 mm. 
H,0 + 85*8 mm. D, (89*5% D), and curve B to a mixture of 14*8 mm. 
DjO (90% D) + 101 -6 mm. pH*. It appears that both reactions proceed 
with similar speeds in contrast to the results obtained with NH, and ND,. 
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The most striking feature about the exchange with water is its extreme 
slowness. Even the quantum efficiency at 585° C. is of the order of 
unity (Table XVII). For this reason alone it is not possible to say 
unambiguously that the exchange reaction goes by a mechanism similar 
to that of met^ne and ammonia. It might be suggested that the water is 
decomposed by the excited mercury atoms and that some kind of back 

Table XVII 

Tmiperature “ C. Y (exchange) Y (conversion) 

30 0 1 29 

167 0-8 370 

368 0-7 630 

583 2 8 2880 

reaction takes place which leads to an exchange, for example,* 

Hg + H,0=HgO + H. I 
D, + HgO = Hg + OD, t 
or 

Hg + H,0 = Hg + OH + H ] 

D + OH = HDO ) 

In order to account for the quantum yield of unity at higher tempera- 
tures, it would then be necessary to assume that the majority of the excited 
mercury atoms are deactivated by water molecules leading to the decom- 
position of the latter according to mechanism (a) or (h). At room 
temperature the fraction of excited mercury atoms deactivated by water 
IS about 1/20, (KX). The temperature coefficient of this fraction is not 
yet known, but will be the subject of a further investigationf to determine 
whether it increases sufficiently rapidly with temperature to account for 
the quantum yield at 500°. 

The temperature coefficient of the rate of exchange gives an apparent 
energy of activation of only 7000 cal., /.e., the ratio of velocity conversion/ 
exchange is practically independent of temperature. This is a surprising 
fact compart with the CH 4 and NH, reactions where the ratio, ^ough 
much smaller, varies quite rapidly with temperature, showing that it is 
due mainly to an additional energy of activation to that of the para- 
hydrogen-conversion. Had the factor of 1000 at 500° C. been due to 
a^itional energy of activation of about 9000 cal., the ratio should have 

• Senftleben, ‘ Z. Phys.,’ vol. 32, p. 922 (1925); vol. 33, p. 871 (1925). 
t Melville (in the jaess). 



Exchange Reactions of Deuterium 


649 


decreased from 300° to 500° by a factor of about 7-5 which would have 
been easily detected. To explain these results it would then be necessary 
to assume that the steric factor is about 1/1000 of that for the reaction 
H + H, = H, + Hor that the decomposition reactions mentioned above 
are partly responsible for exchange. At present these possibilities cannot 
be distinguished. 

At lower temperatures the ratio conversion/exchange decreases. Here 
the exchange may be due to decomposition of water or it may be due to 
exchange occurring between water adsorbed in the walls and atomic 
hydrogen in the gas phase. 

Whereas the rate of the exchange reaction involving methane and 
ammonia is completely characterized by the corresponding energies of 
activation (13 and 11 kcal. respectively), the exchange reaction involving 
water proceeded very much more slowly than would be expected from 
the apparent energy of activation which is 7 kcal. 

For purposes of comparison, therefore. Table VIII showing the rates of 
the exchange relative to that of thepara- ortho-hydrogen conversion (which 
is taken as unity) has been compiled. 

Table XVIII 

500“ K. 800° K. 1000° K. 

CH, 1 : 45 1 : 10 1:5* 

NH, 1:90 1:40 1:30 

OH, 1:900 1-1000 <l:100t 

* This is the ratio rate of exchange- rate of para-conversion in absence of CH,. 
The effect of the presence of CH, on the thermal o-p-Ht conversion requires further 
investigation. 

t The low ratio here may be due to a catalytic reaction. 

The last column refers to exchange experiments initiated thermally, and 
it will be recognized that there is satisfactory agreement between the 
results obtained by the two methods. It may be mentioned that as far 
as the energy of activation of the exchange with ammonia is concerned the 
agreement is complete since the thermal measurements also give 11 ± 1 
kcal. 

It is now necessary to compare these results with those of other investi- 
gations. Taylor, Morikava, and Benedict* have demonstrated that at 
30° C. exchange reaction occurs when a mixture of methane deuterium 
and mercury vapour is illuminated with the mercury resonance line. 


‘ J. Amef. Chem. Soc.,’ vd. 57. p. 383 (1935). 
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Without giving numerical results, they estimate the energy of activation 
for the atomic exchange reaction to be S kcal. 

On the basis of the present experiments, this appears to be much too 
low. On the other hand, as far as the mechanism of the ammonia 
exchange at room temperature is concerned, Taylor and Jungers’s* results 
are in qualitative agreement with the present investigation. At this 
temperature the atomic reaction is too slow to contribute to the exchange 
which occurs by direct photochemical dissociation and subsequent 
recombination of the radicals with deuterium atoms. 

Geib and Steacief have investigated the exchange reaction occurring in 
the interaction of atomic hydrogen (produced in a Wood’s tube) with 
methane, water, and ammonia. Although the energies of activations 
deduced by these authors are not much diflerent from those given in this 
paper, there is a serious discrepancy m the absolute reaction rates. 

Table XIX contains the collision efficiencies at 100° C. for the different 
exchange reactions according to Geib and Stcacie compared with the 
collision efficiency of the para-hydrogen-conversion measured by Geib 
and Harteck,t using the same technique 

Table XIX 

Collision efficiency 

D + H,0 3 9 X 10-» 

D + NH, 12 X 10-» 

H + H, 7 X 10-< 

It will be seen that according to these figures the additional energy of 
activation for the exchange reaction compared with that of the para- 
hydrogen conversion could not be more than 2 kcal. since the collision 
efficiencies do not differ by more than a factor of 20, whereas in the present 
investigation at much higher temperatures factors of the order of 1(X) 
were found (c/. Table XVIIl). 

Consequently, taking these energira of activation and those of the 
present investigation, the rates found by Geib and Steacie are too 
fast. It may be suggested that these authors have underestimated the 
contribution of the reaction occurring at the walls. This is also supported 
by the observation that the quickest reaction is found with ammonia and 
water which are known to be strongly adsorbed, and practically no reaction 
with weakly adsorbed methane. On the other hand, the present results 
indicate that methane is the more reactive molecule and water the least 
when homogeneous atomic exchange is concerned. 

* ‘ J. Chem. Vhys.; vol. 2, p. 452 (1934). 

t ‘ Z. phys. Chem.,’ B, vol. 29, p. 215 (1935). 

t * Z. phys. Chem. Bodensteinfestbuid,* p. 849 (1931). 
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Summary 

The mercury photosensitized exchange reactions of hydrogen and 
deuterium with methane, ammonia, and water have been investigated. 

The following parameters have been varied : — 

(1) The time of reaction up to the ^tablishment of the equilibrium. 

(2) The temperature in the range 30-600“ C. 

(3) The partial pressure of the components at a total pressure of 
100 mm. 

(4) The components, c g , D, + NH* and H, 4- NDg. 

(5) The intensity of the illumination. 

In each case the rate of the exchange reaction was compared with the 
absolute intensity of the light and the rate of the ortho-para-conversion 
of hydrogen or deuterium in order to measure the stationary H or D atom 
concentration. 

With methane and ammonia it was possible to show from the kinetics 
that the exchange above 300“ C. proceeded by the mechanism 

D + XH DX + H id) 

followed by 

H + D, HD + D, ib) 

and so on. 

The energy of activation for methane exchange {i.e., reaction (a) ) is 
13 ± 1 kcal. and that for ammonia is 11 ± 1 kcal. The steric factors in- 
volved are the same order of magnitude in the reaction H + H, == H, + H. 
The apparent energy of activation for exchange with water is 7 kcal. 

This energy of activation does not account for the slowness of the rate 
of exchange (i.c., 1 /lOOO that of para-conversion at 500“ C.). This might 
be due either to a small steric factor or to the decomposition of water by 
excited mercury and subsequent reformation. 

It is pointed out that especially at lower temperatures the mechanism of 
the exchanges becomes complicated by reactions, discussed in the paper, 
which may account for the results described by other experunenters. 
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The Fonnation of Radio-Phosphorus (P“) 

By J. R. S. Waring, Trinity College, Cambridge, and W. Y. Chang, Jesus 
College, Cambridge 

(Communicated by C. D. Ellis, F.R.S. — Received 15 June, 1936) 


1 — Introduction 


It has been known for some time that aluminium could be disintegrated 
by a-particles in two ways : — 

+ ( 1 ) 

^ + He** ->(?„«)( 

^V + Pi5”->Si„“ + e+ (2) 


Alw 


The first reaction has been exhaustively studied by many workers. In 
particular the “ resonance ” levels, i.e, levels of easy entry of the a- 
particles, are well known. It was therefore of interest to discover whether 
“ resonance ” phenomena occurred in the second reaction, and if so to 
locate the levels, measure their relative intensities, and compare with the 
corresponding data for proton emission. 

During the course of the present work a paper covering some of the 
same ground has been published by Fahlenbrach.* This will be referred 
to later. 

In principle, the method of measurement is quite simple. A target of 
aluminium is exposed to a-particles of a given energy and the yield of 
neutrons is calculated from the observed positron activity, as measured 
by suitable counting apparatus. In practice, difficulties are encountered 
in obtaining at the same time both good resolving power and sufficient 
intensity, and a compromise has to be made. 

Two types of experiment are described here — obtained with thick and 
thin targets respectively — which may be called (1) integral, and (2) 
differential measurements. 


2 — Integral Measurements 

The following was the experimental arrangement used: a cylindrical 
target of thick aluminium foil was activated by a radon source contained 
in a thin-walled glass tube placed along the axis of the cylinder. The 
activated foil was then coiled into a cylinder of half the diameter of the 
original one and placed over a long tube counter. 


‘ Z. Phys.,’ vol. M, p. 607 (March, 1933). 
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The maximum energy of the a-partides hitting the aluminium could be 
varied by establishing a known pressure of CO* in the activation apparatus. 
The maximum range of the emergent a-particles was measured to an 
accuracy of 2 to 3 mm. by using a scintillation screen. 

The homogeneity of the a-particles hitting the target may be seen from 
Table I, which refers to the two extreme cases. Two factors are not 
taken into account here, namely (1) straggling of the a-ranges, and (2) 
variation of the thickness of the glass wall of the radon tube. The figures 
are only an indication of the “ geometry ”. 

Table 1 

Case / — Using 7 cm a-particles from Ra C, and after passing through 3 cm. absorber 
(maximum energy 5 35 X 10* e-volts). 

80% have an energy between 5 05 and 5 35 M e-volts 

68% „ .. 5 15 and 5-35 

55% „ „ 5 25 and 5 35 

Case f/— Using 5 cm. absorber (maximum energy 3-2 X 10* e-volts). 

64% have an energy between .... 2-9 and 3 2 M. e-volts 

55% „ „ 3 0 and 3 2 

43% „ 3 1 and 3 2 

The general evidence indicates that resonance levels have a total width 
of the order of 0-3 M. e- volts, and it will therefore be seen that this 
arrangement should be effective at least in locating their positions. 

The experimental results obtained in this way are shown in figs. 1 and 
2. The curve in fig. 1 was obtained for the lower energy range of *- 
particles (3 M. e-volts up to 5*6 M. e-volts), while that in fig. 2 was 
determined for the higher energy range (5*3 M. e- volts up to 7 M. e-volts) 
by using another radon tube. For the purpose of reference, the integral 
yield is expressed in absolute yield (number of positrons per a-particle) as 
well as in actual yield per mg. for infinite exposure. In both cases the 
differential yield is shown by the dotted curves and is given as calculated 
in terms of cross-section for disintegration. 

The two integral curves agree quite well with one another, as shown by 
the yield at the intermediate ranges of the a-particles. The differential 
curve in fig. 1 indicates resonance levels at 4*0, (4*5), 5*0, and 5*55 M. 
e-volts, and that in fig. 2 indicates levels at 5 *25, (6*0), and 6 *7 M. e-volts. 
The two levels 5*25 M. e-volts and 6*7 M. e-volts are in good agreement 
with the levels 5*2 M. e-volts and 6*61 M. e-volts, as found by Fahlcn- 
brach; the corresponding cross-sections and widths are approximately 
the same. Since the differential curves are obtained from the integral 
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curves merely by a graphical method, no great accuracy for the form or 
especially the peak values can be claimed. 

Table n shows the comparison between the resonance levels found in 
the present work and those found for proton emission by Chadwick and 
Constable,* and Duncanson and Miller. t 



Fro. 1— Yield curve for low energy range. Full vertical lines = statistical error; 
dotted vertical lines denote levels found by Chadwick and Constable for protons. 

Table II 

Resonance levels in M. c-volts 

Neutron emission 4 0 (4-51) 5-0 S-5S 

5-25 (6 0) 6-7 

Proton emission 4-0 4-49 4-86 5-25 5-75 6 61 

The figures in the brackets indicate broad or less definite levels. 

The agreement between the positions of the resonance levels found for 
neutron and proton emission is as good as could be expected, as there is a 
certain inde^iteness in the range of the a-partides due to (1) variable 

• • Proc. Roy. Soc.,* A, voJ. 135, p. 48 (1932). 
t ‘ Proc. Roy. Soc.,’ A. vol. 146, p. 413 (1934). 
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thickness of glass walls of the radon tubes, and (2) to straggling when much 
stopping power is introduced. The width of the levels appears to be from 
150,000 to 300,000 e- volts at half intensity, agreeing well with the proton 
results. The level at 6 0 M. c-volts, however, appears to be anomalous 



Fio. 2 — ^Yield curve for higher energy rang^. Full vertical lines — statistical error; 
dotted vertical lines denote levels found by Duncanaon and Miller for protons. 


where the width is more than 600,000 e-volts. This point will be discussed 
later. 

Penetration of the top of the potential barrier begins at 6-9 M. e-volts 
with a corresponding rapid increase in the yield. This compares well 
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with Haxel’s* value of 6*7 M. e-volts found from observation of the 
protons. 

Some values for the general variation of the yield of P” with energy of 
*-particles have been given by Ellis and Henderson.f It is difficult to 
make an exact comparison, but it is clear that the present measurements 
do not show such a rapid fall at low energies as was found by these 
authors. The starting point for neutron emission appears to be 3-2 M. 
e- volts or less; this figure is about 1'2 M. e-volts below that given in 
Ellis and Henderson’s curve. We feel confident that the yields shown here 
are reasonable, since the experiments to be described later, using a thin 
target, would otherwise have been impracticable. 

By far the most interesting result to be deduced from these measure- 
ments IS the variation in the “ branching ratio ” (probability of neutron 
emission /probability of proton emission) with «-ray energy. This is 


shown in Table 111. 

The figures are very approximate. 

Table III 


a-parltclc 

Proton mean 

Neutron mean 

Branching 

energy m M. e-vults 

cross-section 

cross-section 

ratio 


P X 10*» cm • 

n X 10**cm.* 

w/P 

40 

3 

0 08 

40 

4 49 

3 

0 21 

15 

4 86 

3 

0 35 

9 

5 25 

3 

0 42 

7 

5 75 

9 

0 54 

16 

6 61 

9 

1 68 

5 


The mean cross-sections of the proton enussion are taken from the 
data given by Chadwick and Constable.^ It will be seen that as the 
range of the a-particles is increased the branching ratio decreases. The 
measurements are not definite enough to settle whether there is really 
an irregular variation or not, but we can be reasonably certain that for 
increasing energy the ratio decreases approaching unity at an a-range of 
say 7 cm. This suggests that for hi^er energies of the a-particle the 
proton and neutron behave somewhat in the same way in regard to their 
escape through the potential barrier. 

* ‘ Z. Phys.,’ vol. 90, p. 376 (1934). 

t ‘ Proc. Roy. Soc.,’ A, vol. 146, p. 206 (1934). 

t Chadwick and Constable, ‘Proc. Roy. Soc.,’ A, vol. 135, p 48(1932). For the 
higher two energies, cf. also Duncanson and Miller, ‘ Proc. Roy. Soc.,’ A, vol. 146, 
p. 408 (1934). 
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3 — Differential Measurements 

The difficulty of interpreting the results obtained from the “ integral 
curves” and the errors which may be introduced in the process of 
differentiation, made it of great importance to obtain direct “differ- 
ential ” curves by the use of thin targets. The yield in such cases is 
considerably smaller and it was only found to be practicable with a- 
particles of over 5-4 M. e-volts (/.e., 4 cm. range). This region has, 
however, an additional advantage in that the two known resonance levels 
for protons are more than 0*9 M. e-volts apart and therefore relatively 
poor geometry should be able to resolve them. 

Two sets of measurements were obtained using aluminium foils of 
2-5 mm. and 1 -25 mm. stopping power respectively. In the first set the 
experimental method was as follows: a brass disk carrying the aluminium 
foil was placed in front of a disk source of radium active deposit of 
50 mg. strength or more. The source and the target were separated by a 
mica window of 1 cm. stopping power, and a known pressure of CO* was 
established to alter the incident a-ray range. The activated aluminium 
foil was then placed in front of the window of a large ball counter. In the 
second set a cylindrical method of activation was used. A disk source was 
enclosed in an evacuated brass cylinder, having a grid and mica window 
of 1 cm. stopping power on its circumference. The plane of the disk 
was perpendicular to the axis of the cylinder and slightly below the plane 
which included the bottom of the window. A larger and concentric 
brass cylinder carrying the aluminium foil surrounded the “ virtual ” 
source described above. The space between the two cylinders could be 
filled with a variable pressure of CO,. Counting was carried out in the 
usual manner with a large cylindrical wire counter. 

The homogeneity of the a-particles hitting the targets in the two cases 
is shown in Table IV. 

It will be seen that in both cases the geometry is reasonable ; particularly 
the second set at higher pressure of CO„ and, moreover, the targets used 
here were only half as thick as those m the first set. In addition, methods 
using active source have an advantage over those using radon tubes as 
there are in this case no errors due to unequal thickness of glass absorber. 

The two curves in fig. 3 arc the experimental results obtained respec- 
tively with the first and second method after allowing for the difference 
in tMckness of the foils. Taking into account the fact that the two 
experimental conditions arc witircly different, the agreement is very satis- 
factory. Both curves show unambiguously a resonance level at about 


2X2 
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6*5 M. e-volts, which as regards positions agrees well with the previous 
integral measurements and with Fahlenbrach’s experiment as well as with 
the work of Duncanson and Miller on protons. At first sight it would 
seem that the form of the direct diflerential curve is quite different from 
that obtained by differentiation of the integral curve. However, as was 
pointed out in the discussion of the integral measurements, no great 
accuracy can be claimed in that case for the peak values of the cross- 

Table IV 
A— Disk Method 

(i) At zero pressure of CO, — 

100% of the a-particles have energy between . . 

75% 

50% 

(ii) At 3/4 atmospheric pressure of CO, — 

100% of the a-particles have energy between . 

75% 

50% 

B — Cylindrical Method 

(i) At zero pressure of CO, — 

100% of the a-particles have energy between 6 87 and 7*01 M. e-volts 

75% „ „ .... 6-93 and 7 01 

40% „ „ .... 7*00 and 7 01 

(ii) At atmospheric pressure of CO, — 

100% of the a-particles have energy between — 4*74 and 5*2 M. e-volts 
75% „ . 4-92 and 5 2 ' „ 

40% „ „ .... 5 00and5-2 „ 

section at resonance. We therefore consider that the difference in the 
cross-section obtained with thin targets and those found by Fahlenbrach 
and us with thick targets is due to errors inherent in the process of graphical 
differentiation of the integral curves. In fact, if the direct differential 
curve obtained with a thin target is integrated, a curve is obtained which 
does not differ essentially from that shown in fig. 2. We therefore finally 
place more reliance on the figure of 2*3 x 10’*® cm.* for the cross-section 
at resonance than on the figure 3*5 x 10“** cm.* obtained from the 
integral curves of either Fahlenbrach or ourselves. Similar considera- 
tions apply to the question of the width of the level, which from the direct 
differential curve would seem to be greater than 1 M. e-volt at half 
intensity, a value much greater than that obtained from the integral 
measurements. 

Now turning our attention from the actual resonance level to the region 
just below, we notice a very striking feature, namely the large yield; in 


6 65 and 6*92 M. c-volts 
6-82 and 6-92 „ 

6 85 and 6-92 „ 

4-7 and 5*4 M. e-volts 

5 05 and 5-4 „ 

515 and 5 4 
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other words the resonance levels in this region are not so pronounced as 
would have been expected. When one remembers the proton case, where 
the two levels 5-75 M. e-volts (4-35 cm. range) and 6-61 M. e-volls 
(5 -45 cm. range) are far apart and have equal intensity, and the geometry 



Energy of a-particlc in M.v. 

Flo. 3 — Yield curves for thin targets of !• 25 mm and 2 • 5 cm. stopping 

power. Vertical lines = statistical error; dotted curve is obtained from the 
cylindrical method and reduced to the same conditions as in the disc method. 

in the difTerential measurements, one would expect some wide region with 
no yield. However, the curves in fig. 3 show a steady change of the yield 
with the energy of a-particles. If there is a region of no yield, it must be 
less than 0 - 3 M. ©-volts and must occur in the interval between two points 
determined of the curve. It may be mentioned again that the integral 
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measurements described above and in Fahlenbrach’s work also show a 
very broad level or just a continuous yield in this region. This differs 
entirely from the proton case where Duncanson and Miller found a very 
small or practically zero proton yield in this region. Attempts are made 
to explain this phenomenon in the following section. 

4— Discussion 

The experimental results described above are in general consistent and 
can be brought into line with Bohr’s theory* of the formation of inter- 
mediate products. For example, in the case under consideration, a 
nuclear aggregate of mass 31 would be formed, which might break down 
in any of the following four ways: 

+ Y-ray 

.JiAl” + a-ray 

-f proton 
\ pso neutron. 

Now it is reasonable to assume that the level system of the excited inter- 
mediate product IS the same in all cases, i.e., independent of the particular 
particle which is subsequently ejected. The probability of the different 
competing transformations of the intermediate product will vary with the 
degree of excitation, i.e., with the energy of the incident particle. This 
will account for the branching ratio P/« varying with the energy, which 
has been noted experimentally. It seems possible that at different parts 
of the level system certain processes may be favoured at the expense of the 
others. A special case of this might he the complete absence of, say, a 
neutron “ transition ” where a proton “ transition ” is allowed (cf. 
selection rules in optics). Thus a zero or small yield of a disintegration 
product can be explained either as due to a small probability of a “ tran- 
sition ”, giving rise to this type of particle, or to a small yield of the inter- 
mediate product. The measurements described here, as well as the work 
of Fahlenbrach, show that the 5*75 M. e-volts proton level is either very 
broad or absent for neutrons. It seems possible that this level is pre- 
served nearly exclusively for proton “ transition ”. Also to explain the 
continuous yield of neutrons in the range S - 4 M. e-volts to 6 - 6 M. e-volts, 
it is necessary to assume a continuous yield of the intermediate product. 


• Nature,’ vol, 137, p. 344 (29 February, 1936). 
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For some reason, therefore, only some levels give protons, whereas most 
give neutrons. 

It appears to us, therefore, that we can obtain a better description of the 
phenomenon if we assume that a-particles of any energy, above possibly 
a certain minimum energy, have a finite chance of entering the nucleus with 
formation of the intermediate product. The yield of the intermediate 
product when plotted against the energy of the a-particle would be a 
continuous curve with only slight maxima if any. The maxima in the 
yield of protons or neutrons are in our opinion due to pronounced changes 
in the probability of the “ transition ” giving rise to these particular 
particles ; hence “ resonance ” is to be associated more with the emitted 
particle than with the bombarding particle. 

We wish to thank Lord Rutherford for his interest in this work, and 
Dr. C, D. Ellis for his constant encouragement and advice during the 
course of the experiment. We are also indebted to Mr. A. Szalay for his 
assistance in part of the work. One of us (J. R. S. W.) desires to thank the 
Department of Scientific and Industrial Research for a grant. 


Summary 

The formation of radio-phosphorus (P®*) from aluminium by the bom- 
bardment of a-particles has been studied for different energies of the 
bombarding a-particles. Both thin targets, i.e., 1 .25 mm. to 2 • 5 mm. 
stopping power, and thick targets were used. The resonance levels 
observed are discussed and compared with those found for proton emis- 
sion. An explanation for the excitation curve is given in terms of Bohr's 
theory of the formation of intermediate products, and the results for 
proton emission are also discussed from the point of view of that theory. 
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Auger Effect for the L Level of Xenon and Krypton 
By J. C. Bower, M.Sc., University of Melbourne 
{Communicated by T. H. Laby, F.R.S. — Received 15 June, 1936) 
[Plate 15] 

While a number of investigations have been carried out to determine 
the efficiency of emission of K series fluorescent radiation from various 
elements,* only two determinations have been made of the L yield, that 
IS the efficiency of emission of L series radiation. 

Some years ago Auger, t using an expansion chamber, investigated the 
L yield for the two inert gases krypton and xenon, and recently Lay,} 
using a photographic method, has determined this quantity for certain 
elements between atomic number 40 and 92. The results of the two 
investigations are not consistent, the values found by Auger for the L 
yields of krypton and xenon being much greater (100% and more) than 
the values for these gases given by interpolating and extrapolating the 
data published by Lay for neighbouring elements. 

As pointed out in a previous paper,§ the expansion chamber has the 
advantage that values of the efficiency of excitation can be calculated by 
a direct count, the only problem being the identification of tracks. In 
the present problem this presents little difficulty as the tracks are of two 
types, with and without a spur at their origins. Ionization and photo- 
graphic methods yield values, the accuracy of which ultimately depends on 
the accuracy of existing absorption data, and in general where these exist 
the agreement between different workers leaves much to be desired. 
The difficulties of these methods will be discussed later. 

In the present work measurements of the L yield for xenon and krypton 
have been repeated since these gases give spur tracks (due to internal 
conversion) which are sufficiently long to be readily recognized. Further, 
experience in the past has shown that they behave well in an expansion 
chamber. 

• Compton and Allison, “ X-Rays in Theory and Experiment,” p. 477 (1935). 

t ‘ Ann Physique,’ vol. 6, p. 183 (1926). 

} ‘ Z. Phys.,’ vol. 91, p. 533 (1934). 

i ‘ Proc. Roy. Soc.,’ A, vol. 148, p. 40 (1935). 
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Experimental 

The expansion chamber used was similar in design to that described in 
a previous paper.* The chief modification consisted in the inclusion of 
three iron piston rings which, when iubneated with colloidal graphite 
in oil, effectively prevented the passage of gas past the piston during an 
expansion. In addition the valve mechanism was improved so that the 
air beneath the piston could be swept out in a minimum of time, approxi- 
mately 0 01 sec., as determined by a trace on a moving photographic 
film. The other arrangements were essentially the same. 

Exciting beams of approximately homogeneous X-rays were produced 
by appropriately filtering the radiation from a standard Coolidge tube. 
To avoid the excitation of the K series radiation of the gases the potential 
across the X-ray tube, measured with an Abraham Villard electrostatic 
voltmeter, was kept below the K excitation potential. (35 k.v. for xenon 
and 14-7 k.v. for krypton.) Details of the tube potentials and the 
filters used are included in Table I, which also gives the energies of the 
primary and secondary photoelectrons emitted. (The terms primary and 
secondary photoelectrons are here used to denote respectively the photo- 
electrons ejected from the L shell by the incident X-radiation and the 
photoelectrons of energy h (vj — 2v„) emitted by atoms ionized m the 
L shell as the result of the internal conversion process.) 

It was considered unnecessary to use a balanced filter to obtain an 
approximately homogeneous beam as the previous work on argon* had 
shown the fluorescent yield to be independent of X-ray wave-length to 
within 5%. In each case the filters were so chosen so as to absorb any 
X-radiation of wave-length sufficiently short to excite the K level of the 
gas atoms. A sufficient thickness of absorber was used to eliminate 
X-radiation of wave-length too long to be capable of exciting the L levels 
of the respective gas atoms. In any case, tracks produced by the absorp- 
tion of such radiation in the M level are so short as to be readily distin- 
guishable (energies less than 5 k.v. in the case of xenon and 2 k v. in the 
case of krypton). 

In order to make the tracks sufficiently long, a 3% mixture of the inert 
gas with hydrogen was used in each case. 

Observations 

Typical tracks produced in the xenon-hydrogen and krypton-hydrogen 
mixtures are shown on Plate 15. Figs. 1 and 2 are a stereoscopic pair of 
• * Proc. Roy. Soc.,’ A, vol. 148, p. 40 (1935). 
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photographs taken with the xenon-hydrogen mixture in the doud 
chamber. The track, whose origin is marked by the intersection of AA 
and XX, is a typical Auger pair showing the long primary photodectron 
track associated with the characteristic heavier short secondary photo- 
electron track. Other Auger pairs can be seen. Figs. 3 and 4 are 





Table I 







Effective 

Effective 

Energy 

Energy 


Target 


X-ray 

X-ray 

primary 

secondary 

Gas 

potential 

Filter 

wave-length 

energy 

photo- 

photo- 


(k.v.) 


A. 

(c-k.v.) 

electron 

electron 






(k.v.) 

(k.v.) 

Xe 

18 

KBr 

(O' 5 mm.) 

0-8 

15 

9-5 

3 5 

Kr 

11 

Zn 

1-3 

9-6 

7-5 

1-3 


(0 003 mm.) 


another stereoscopic pair showing one case of paired tracks and one 
ordinary track taken in the krypton-hydrogen mixture. 

The tracks were examined under a threefold magnification. Each 
track was identified on both plates before classifying it, and in no case 
were the best tracks chosen at random. Either all the tracks on both 
plates, or at least several consecutive tracks had to be recognized before a 
count was made. 

The results are collected in Table II. 


Table II 



Wave- 

No. of 

Total 






Gas 

length 

pairs 

no. of 

Paired 

Ordinary 

0/A -1-0 

Probable 

O/A + 0 


exciting 

of 

tracks 

tracks 

tracks 


error 

(Auger) 


radiation 

plates 


A 

0 




Xe ... . 

. 0-8 

105 

706 

449 

257 

0-364 

3 ° 

0-359 

Kr ... . 

. 1'3 

90 

633 

483 

150 

0-237 

4-5 

0-251 


The probable error in the ratio 0/(A -f- 0) given in the 8th column has 
been calculated on the assumption that if n is the proportion of ordinary 
tracks observed in a total count of n tracks then the probable error in tc 


0-6475 

For the sake of comparison, values of 0/(A -f 0) calculated from 


'Loc.cU. 
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Auger’s data are given in the last column. The writer’s values and 
Auger’s for 0/(A + O) agree to within the probable errors of both 
experiments. 

The efficiency of excitation of fluorescent L radiation is given in terms 
of Jj, the L jump (the ratio of the ionization m the L shell to the ionization 

in the M + N shells) and the ratio 0/(A -t- O) of the number of 

ordinary tracks to the total number of tracks by 

^ ■ aTo ^ ■ 

Few determinations of the L jump of elements have been made, and 
such values as have been obtained are not in general consistent For 
elements of atomic number less than 60 the most satisfactory values of 
Jr, are the value 5-3 given by Jdnssont for silver (atomic number 47) 
and the value 5-8 for the same element obtained from KellstrOm’sJ work 
of the Li, Lh, and Lm jumps. Allen§ has given values of J,, for tin 
7*2 and for silver 7 ’7, but as he did not use homogeneous radiation, his 
values cannot be given the same weight. Auger,|| from a statistical 
analysis of the track lengths of the photoelectrons produced in a xenon- 
hydrogen mixture, has deduced the value of the relative ionization in the 
L and M shells of xenon as 5-2. This corresponds to Ji, — 6 2. The 
number of tracks counted was 226 and consequently the probable error in 
Jj, is of the order of 10%. 

On the basis of the two values 5-3 and 5-8 for silver, it seems that Jt 
for xenon should lie between 5 and 5-5, and for krypton between 5-5 
and 6 allowing for the slow increase of with decrease of atomic 
number indicated by the available experimental evidence.^ Actually 
by taking Jj, as the ratio of Vr,/v»,,, the values 4-8 and 5-8 are obtained. 
In view of these considerations values of Jj, = 5 for Xc and = 5-7 
for Kr are assumed here as likely values, but the L yields are also calcu- 
lated for the writer’s observations for the higher values Jj, = 6 for Xe and 
Ji, = 6 ■ 5 for Kr. The values of the L yield for krypton and xenon 
obtained by the writer are tabulated in Table III. 

The values of obtained by Auger for xenon and krypton arc respec- 
tively 0-25 and 0-13. It is thus apparent that the values of {ij, obtained 

• Lae. at. 

t ’ Dlss.,’ Upsala, 1928. 

t • Z. Phys.,’ vol. 44, p. 269 (1926), 

S ‘ Phys. Rev.,’ vol. 28, p. 907 (1926). 

II * Ann. Physique,* vol. 6, p. 183 (1926). 

^ ‘ Wi«i Harms Handbuch der E)q?erimeotal Miysik.,’ vol. 24. i, p. 259 (1930). 
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by the writer when the lower values of Jj, are taken are much less than 
the values given by Auger. The agreement is better when the higher 
values of Jj, are assumed, particularly in the case of xenon. Actually 
Auger gives for the relative ionization in the L and M shells of xenon the 
value 5-2 which, corresponding as it does to a value of about 6-2 for Jj,, 
is approximately in agreement with the higher values of Jj, assumed here. 
The large differences apparent when the lower values of J|, are taken are 
due to these values of J,,. for inspection of Table II shows that the writer’s 
and Auger’s values of 0/(A + O) are consistent within the limits of 
error. 

Table III 

Gas 0/(A ^ O) J., |iL 


Xc 0-364 5 0 20, 

6 0-23, 

Kr 0-237 5-7 0-07, 

6-5 O-lOo 


Interpolating and extrapolating the values of [Xj, given by Lay, for 
elements of atomic number between 60 and 40 gives values of 0’14o 
and O-OSs for the L yields of xenon and krypton. Both the experiments 
of Auger and this investigation show that these values are too low. To 
obtain values consistent with Lay’s figures it would be necessary to 
assume a very low value for J|,. Actually examination of the experi- 
mental evidence suggests that it is unlikely that the values of Jj, could be 
much smaller than the lower values assumed here. 

The writer believes that the expansion chamber method possesses 
definite advantages over the photographic and ionization methods. These 
methods are technically difficult and require a knowledge of absorption 
data. In the photographic method calculations have to be made of the 
fraction of excited radiation escaping the radiator. A knowledge of the 
absorption coefficients, both of the exciting and excited radiation in the 
fluorescent material, is necessary, and in general these data are not avail- 
able or at least can make no claim to a high degree of accuracy. The same 
can be said of the absorption data regarding the materials of the photo- 
graphic film, a knowledge of which is essential in estimating the intensities 
of the exciting and excited radiation. 

It is considered that the efficiency of emission of fluorescent radiation 
is about 20% in the case of xenon and about 8% in the case of krypton. 

In conclusion, the writer wishes to express his indebtedness to Professor 
T. H. Laby, F.R.S., and Dr. L. H. Martin for advice and criticism, and 
Mr. Waters for technical assistance during the experiment. 
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Flos I and 2— Stereoscopic pair in 3"„ xenon-hydrogen mixture. 
FKpS. 3 and A — Stereoscopic pair in 3“o krypton-hydrogen mixture. 
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Summary 

An investigation of the efficiency of eipission of L series fluorescent 
radiation from xenon and krypton using an expansion chamber is described. 
A statistical analysis of some 700 tracks in the case of xenon and 600 in 
the case of krypton gave values for the efficiency of 20% and 8% respec- 
tively. The results are compared with those obtained by previous 
workers. 


A Theory of Electro-Kinetic Effects in Solution ; 
Reactions Between Ions and Polar Molecules 

By E. A. Moelwyn-Hughes 

{Communicated by E. K. Rideai, F.Jt.S.— Received 16 June, 1936) 

The experimental values of the velocity coefficient k for bimolecular 
reactions may be summarized in an equation of the form 

it = Z . P . (1) 

where P and Ea arc empirical constants, specific for each reacting system, 
and Z is the kinetic theory value for the frequency of binary collisions, 
namely, 

+ ( 2 ) 

The physical significance of the term P may be realized by considering 
the hypothetical case where the Arrhenius energy of activation Ea is 
identical with the true energy of activation E'. Since the theoretical 
expression for the maximum velocity of the bimolecular process is 

k = Z. (3) 

it is seen that P measures the absolute probability that a binary collision 
of sufficient energy leads to chemical reaction. In general, however, 
Ea and E' are not identical, and the interpretation of the term P is not so 
simple. 

As far as chemical reactions between two charged particles are con- 
cerned, it has, however, been possible to give a simple interpretation of 
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P values ranging from 10+® to 10“® by factorizing the true energy of 
activation (E') into a component E, which is assumed to be independent 
of temperature and of the medium, and E., the electrostatic contribution, 
which is a function of both variables.* It is the object of this paper to 
see whether a similar treatment will prove helpful in gaining a clearer 
understanding of the mechanism of reactions with ions and polar mole- 
cules. Most of these reactions have normal velocities, that is, the factor 
P has the order of magnitude unity.f Selected data for one hundred of 
these reactions, which have attracted considerable attention within recent 
years, have recently been reviewed.^: The new data in all cases agree 
with this generaIization.§ The following treatment makes possible a 
finer analysis of the factor P, and allows us to correlate Ea and E' quantita- 
tively. For reactions between ions and dipoles, it is known beforehand 
that the difference between Ea and E' is small, for the approximation 
Ea - E' underlies all the values of P quoted in the literature. Arguments 
have been advanced for rejecting the approximation completely in the 
case of the hydrolysis of glucosidcs,|| and the union of amines and halides.f 
On the other hand, for the reactions under discussion here, the approxi- 
mation is valid. The conclusion was drawn on general chemical evidence, 
on the temperature invariance of Ea, and on the parallelism shown to 
exist between T^.i and Ea for different reactions.** 


Theory of Reaction Between Ions and Dipoles 
We shall now follow the method outlined in the theory of reaction 
between two ions, ft by factorizing the total energy of activation, E' into 

• Moelwyn-Hughes, ‘ Proc. Roy. Soc.,’ A, vol. 155, p. 308 (1936). 
t Moelwyn-Hughes, ‘ Chem. Rev.,’ vol. 10, p, 241 (1932). 
t Moelwyn-Hughes, ‘ Acta Physicochim.,’ U R.S.S., vol. 4, p. 173 (1936). 

§ Moelwyn-Hughes, “ Dissertation,” Oxford, chap. 3, p. 59 (1932). 

II Moelwyn-Hughes, ‘ Trans. Faraday Soc.,’ vol. 25, p. 81 (1929). 
f Moelwyn-Hughes, ‘ Chem. Rev ,’ vol. 10, p. 241 (1932). 

** I am indebted to one of the referees for drawing my attention to an inconsistency 
which appeared in my previous paper (‘ Proc. Roy. Soc.,’ A, vol. 155, p. 308 (1936) ), 
but which 1 have averted in the present work. We have defined the empirical con- 
stant, E,. by equation (1) which gives us </ In */</T = (Ea + iRT)/RT*, and we have 
referred to Ea as the Arrhenius energy of activation. The empirical constant A 
used by Arrhenius is defined by the relation d In kIdT A/RT*, hence Ea = A — iRT. 

Throughout this paper we have consistently adhered to this convention. In our 
preceding paper, however, the terms £» and A were used mdiscriminately. Conse- 
quently, the term ^RT should be deleted from equation (14), and the term el from 
equations (15) and (15 a) of our previous paper. Numerically the correction is small, 
tt Moelwyn-Hugjies, ‘ Proc. Roy. Soc ,’ A, vol. 155, p. 308 (1936). 
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E, which is assumed to be constant, and E., which represents the mutual 
potential energy of the ion and the dipole, and is a function of the medium 
and of the temperature. Substituting into (3), we may express the rate 
of reaction as 

A: = Z . . g-E./RT (4) 

By a method analogous to that employed by Debye and Hiickel,* we 
arrive at the following approximate expression for the average potential 


at a distance r and at an inclination 0 (fig. 1) from a dipole of moment 
in a medium of fixed diela'tnc constant D : 


Hence the mean electrostatic energy of interaction of the dipole with a 
charge z^z is 

^ ^uct^ACosO 


Substituting into equation (4), the velocity coefficient becomes 




It then follows that 


Ea = E - NorBe^ _ g)s , Q ^lT - 1) (1 - W) e~", (8) 

and 

Derived expressions relating to infinite dilutions are: 


• Phys. Z.,’ vol. 24, p. 185 (1923). 
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P.-O 


= e- "'Dr*'r 


( 11 ) 


Abegg’s constant, L, has the significance attached to it in our previous 
paper. The limiting law for the effect of ionic concentration at constant 
temperature becomes 

In = At 4- v7, (12) 

where j, the ionic strength, may be identified with the concentration of 
electrolyte in the examples discussed here ; and 




Zb£» (Ia cos 0 / 8rtNo Y 
r(DJfcT)*/* 'VlOOOr 


(13) 


Spong* has proposed the following expression for the average potential : 


• (1 + >^r)e ‘ 


(14) 


which differs from equation (5). It can be shown, however, that the 
adoption of Spong’s equation yields equations (10) and (11), but gives 
an exponential salt effectf instead of the square-root law. The limiting 
conditions become : 

lnkr = aT + gTj (15) 

and 


StcNq Zb Fa COS 0 

^ ■ 1000 (W)* — 


(16) 


Numerical Applications to Reactions in Hydroxylic Solvents 


Let us consider a hypothetical reaction between a polar molecule, of 
moment 1 -5 Debye units, and a univalent ion (zb — ± 1) in ethyl alcohol 
(L = 6 02 X 10-») at 50“ C. (D = 21 -4). Taking /• to be 3 A., and 
allowing for all possible angles of approach (0 = 0 to 2n) P should, 
according to equation (11), lie within the limits 0-20 and 5-51. These 
limits include most of the P values out of the 100 cases cited above. J 


Under the same conditions, should, according to equation (10), 

lie within the limits of -j-2-65 and — 2-65 calories per gram-mole- 
cule per degree. These values are too low to be detected by ordinary 
methods of analysis, and are consistent with the constancy of calcu- 


• ‘ J. Chem. Soc.,’ p. 1283 (1934). 

t Moelwyn-Hughes, ‘ Acta Pfaysico-chim.,’ U.R..S.S., vol. 4, p. 173 (1936). 
j See also “ The Kinetics of Reactions in Solution," p. 79, Oxford (1933). 



Electro-Kinetic Effects in Solution 671 

latcd from the original results of Hecht, Conrad, and Bruckner, * and 
from the careful repetition of Gibson, Fawcett, and Perrin.f 

In order to determine the direction of approach of the ion to the dipole, 
we shall use the very accurate measurements of Hecht, Conrad, and 
Briicknert on the velocity of the reaction between the ethylate ion and 
methyl iodide. Again taking r 3 A., the collision frequency by 
equation (2) becomes 7'09 x 10'® litres per gram-molecule per second. 
At infinite dilutions, the experimental results may be _expressed as 
k = 4-84 X 10" X e '«■ or it = 1 -72 x 10'" x \/T x e waoo/RT, 

whence Pfc_o = 4-15. Inserting this value in equation (11), we find 
/^sec. 0 = 1-55 X 10“'* cm*, indicating a virtually head-on collision. 
Even without a knowledge of r, it can be shown that a negative ion 
approaches the positive end of the dipole, in agreement with the sup- 
position of Ogg and Polanyi 1| 

Equation (II) expresses in a satisfactory manner the relatively greater 
values of P which have been found for reactions between halides and 
anions of valency higher than one.f There is, therefore, no necessity to 
postulate a complicated activation process involving internal degrees of 
freedom for these reactions. 

According to equation (12), In k at any given temperature should vary 
as the square-root of the ionic concentration. The influence of the con- 
centration on the velocity of reactions between ions and dipoles has been 
inadequately studied. Nevertheless, an examination of the literature 
shows that there are marked tendencies to conformity with this law as a 
limiting condition Fig. 2 shows Hardwick's data** on the effect of ionic 
concentration for the reaction between ethyl iodide and m-4-xylyl oxide 
in ethyl alcoholic solution at 45-4° C A comparison of the limiting 
slope with the theoretical expression (13) leads to the value 4- 13 A. for 
r sec 0. Values for other reactions in the same solvent are given in 
Table I. The dipole moments have been taken from a list compiled by 
Sidgwickft and the dielectric constant from the tabic in our previous 
paper, tt 

• ‘ Z. phys. Chem.,’ vol. 4, p. 273 (1889). 

t ‘ Proc Roy. Soc.,’ A. vol. 150, p. 223 (1935). 

t ‘ Z. phys. Chem.,’ vol. 5, p 289 (1890). 

§ Moelwyn-Hughes, “ The Kinetics of Reactions in Solution," Oxford (1933), 
pp. 84 and 100. 

II ‘ Trans. Faraday Soc.,’ vol. 31, p. 5il (1935). 

H Moclwyn-Hughcs, ’ J. diem. Soc.,’ p. 1576 (1933). 

•• • J. Chem. Soc.,’ p. 141 (1935). 

tt ‘ Trans. Faraday Soc.,’ vol. 30, p. 801 (1934). 

tt • Ih-oc. Roy. Soc.,’ A, vol. 155, p. 308 (1936). 
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The last two results are of particular interest. Steger’s results show 
that there is no appreciable salt effect, in spite of the powerful dipole 
possessed by ortho-dinitrobenzene. The data are consistent with the 
idea that the ion may approach in a force-free plane, as would occur if 
it traversed the prolongation of the line joining the 3 : 6 carbon atoms in 
the plane of the benzene ring. In view of the large value of P which holds 
for the corresponding reaction of the para compound, it is unfortunate 
that the dilution effect has not yet been studied. The data of Burke and 



- VC 

Fk}. 2— The influence of concentration on the velocity of reaction between anion and 
a dipole. 


Donnan, in spite of some uncertainty in the exact value of the slope,* 
indicate quite clearly that the attacking ion approaches the polar mole- 
cule against a repulsive field. 

As mentioned above, the form of the dilution law given by equation 
(16) is not in such good harmony with experiment as that given by 
equation (12). There are instances, however, particularly in aqueous 
solution when Zj,= + \, where In k varies linearly with the ionic strength. 
They have been noted by Grube and Schmidf who proposed the empirical 


relation 




(17) 


* The value given here is obtained by linear extrapolation, omitting one point. 
If this is mcluded, the evaluation of the tan^t becomes precarious, leading to a 
value of r sec 0 of about 0*6 A. 
t • Z. phys. Chem.,’ vol. 119, p. 19 (1926). 
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in which G is a constant specific for the reaction. The use of Spong’s 
equation thus allows us to interpret the exponential salt effect in a manner 
somewhat more direct than that used by Brbnsted.* The latter deriva- 
tion, however, has the advantage of resting on Debye and MacAulay’s 
estimate of the variation in D,t a factor which is omitted in the present 
work. Until more experimental material is available, it would be futile 
to attempt to discriminate. In the meantime, we may apply equations 
(15) and (16) to the hydrogen-catalysed decomposition of acetal in 
water, for which an exponential salt effect has been found, j; We then 
find i^A^cos 0-7-35 debyes. The exact value of (Xa acetal is not 
yet known. 


The Superposition of an Ion-Dipole Field on to an Interionic 
One 

The Debye-Hiickel limiting law, as applied by Brbnsted and by Bjerrum 
to the kinetics of interionic reactions, is obeyed by a certain number of 
reactions of varying ionic type in aqueous solution. There are, however, 
discrepancies, with which we must now deal. 

It is significant that one of the reactant ions in most of the instances 
studied IS capable of undergoing chemical reaction, and, in fact, often 
does react with the solvent. The necessity then arises for allowing with 
strictly quantitative accuracy for the simultaneous side reaction. In 
certain cases, the correction can apparently be carried out satisfactorily. 
In others, it eludes measurement,§ while for some reactions it has not 
even been attempted. What has been considered an “ interesting and 
important contradiction of Brbnsted’s theory ” was discovered by La Mer 
and Kammcr.ll who found for the reaction between the thiosulphate and 
p-brompropionate ions a pronounced salt effect in the opposite direction 
to that demanded by theory The anomaly has been accepted as real 
by the authors themselves and by commentators, who attribute it to 
“ orientation ” effects. Experiments on a similar reaction, however, 
carried out by Moclwyn-Hughes,1f showed that the concurrent chemical 
reaction occurring between the organic molecule and the solvent con- 
tributed a considerable proportion of the net observed rate. Further 

• ‘ Chem. Rev.,’ vol. 26, p. 22 (1925). 

t ‘ Phys. Z..’ vol. 26. p. 22 (1925). 

t Bronsted and Wynne-Jones, * Trans. Faraday Soc.,' vol. 25, p. 59 (1929). 

S Soper and Williams, ‘ Proc. Roy. Soc.,’ A, vol. 140, p. 59 (1933). 

II ‘ J. Amer. Chem. Soc.,’ vol. 53, p. 2883 (1931). 

H • J. Ch«n. Soc.,’ p. 1576 (1933). 
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work on the same lines by Nielsen* has made it appear almost certain 
that the major part of the alleged anomaly will disappear when a quantita- 
tive correction for the side reaction is made. 

A second, and more important cause for deviations from the limiting 
law of Debye and Hiickel is due to the fact that most of the so-called 
ionic reactions are, in fact, chemical reactions with ions, on the one hand, 
and dipoles contained in charged molecules on the other hand The 
distinction between true and apparent ionic reactions, although an 
important one.t has received no attention. Consider, for example, the 
reaction 

I + CHjBr . COO- - Br- + CH J . COO . 

The major contribution to the electrostatic energy of the reactant system 
is admittedly that due to the interaction of the inorganic ion and the 
organic ion. Otherwise it would be difficult to understand the sign and 
the order of magnitude of the kinetic salt elTect. Nevertheless, the 
chemical reaction involved proceeds in virtue of the electrostatic attrac- 
tion of the dipole — C — Br for the ion I", and will take place in the 
absence of the charge on the organic molecule. The possibility, there- 
fore, exists that the genuine deviations from the Debyc-Hiickel limiting 
law may be due to the omission to take into account the electrostatic 
interaction energy exerted between the ion and the dipole with which it 
undergoes chemical change. As far as it is possible to judge from the 
existing data, a genuine deviation of some 20% may exist. This magnitude 
is of interest, as it coincides with the ratio (*/er, which roughly measures 
the departure to be expected if the energy of interaction of ion and dipole 
is to be added to the interionic energy. 

Let us, therefore, estimate the average potential at a point P (fig. 3), 
which is situated at a distance from the centre of the dipole n*, and at 
a distance from a charge z^t in the same molecule assuming that the 
two terms may be treated as independent. The average value of the 
total electrostatic energy is clearly 

E __ ^ (18) 

' Dr^ Dr, 

The conditions for minimum energy arc too difficult for us to obtain 
analytically, but the problem can solved numerically in any given 
case. Let us take, for illustrative purposes, a = 1 -20 A., p = 1 -35 A., 

• ‘ J. Amer. Chem. Soc.,’ voL 58, p. 206 (1936) 
t Moelwyn-Hughes, “ The Kinetics of ReacUons in Solution,” p. 172. 
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— 2, 7^ = — I, h-a = 1 ‘81 debyes, k = 8*21 X 10* cm."^ These 
figures correspond to the interaction of a divalent anion, in aqueous 
solution of ionic strength Vj = 0-25 at 25“ C., with a p-brom-substituted 
carboxylic anion. The magnitudes a and p, and the justification for 
treating the problem as two-dimensional, result from the construction of 
the solid model. The path of minimum electrostatic potential energy is 
shown in fig. 4, where the field due to the dipole is also illustrated. In the 
absence of this field the ion B would transcribe a circle of radius 1 /k 
about the origin. At closer approaches,' however, its course is deter- 



Ro. 3. 


mined by the electrostatic attraction of the dipole. On physical grounds, 
therefore, a consistent extension of the simple treatment of interionic 
reactions should include a term to take account of this effect. The same 
remark applies to the treatment of solubility, heats of dilution, thermo- 
dynamic activity coefficients, and other non-kinetic properties derivable 
from the electrostatic contribution to the free energy of the solution.* 

* A totally differoit attitude is adopted by many other workers. e.g.. La Mer 
C Annual Survey of American Chemistry,’ p. 13 (1930) ) who claims that his “ purely 
mathematical extmsimi (of the Debye-HOckel theory) gives a qualitatively correct 
interpretation for non-aqueous solutions, and a quantitatively correct one for sym- 
metrical sulphates in watCT . . . without requiring new assumptions of a 
physical character ". 
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Reactions Between Ions and Multipoles 
A quantitative kinetic treatment of the reaction between an ion and a 
neutral molecule possessing more than one dipole becomes complicated. 
A relatively simple comparative treatment becomes possible, however, if 
only one of the dipoles undergoes cleavage, the other remaining intact 
and exerting a modifying influence on the velocity of reaction. Such 
systems are well exemplified by the acid-catalysed prototropy of a scries 
of para-substituted acetophenones. Denoting by (EJ, and (EJ„ the 
respective values of the Arrhenius energy of activation for the reaction of 



the substituted and unsubstituted ketone, Nathan and Watson* found 
the following expression to hold : — 

(EA - (EA - - C (|i, - 0 032 IX,*), (19) 

in which (x, stands for the permanent dipole of CgH^X, and C is an 
empirical constant, shown to be to some extent a function of the con- 
centration of catalyst. It is interesting to note that the effect of sub- 
stitution on AEa should, according to this relation, be a maximum when 
fi, = 15-6 Debye units, that is, when the para-substituent ionizes. The 
emergence of ionization from loose co-valent bonds has been discussed 
from various angles by Kendallt and by Moelwyn-Hughes and Sherman.]; 
* ‘J. CJicm. Soc.,’ p. 890(1933). 
t • J. Amer. Chem. Soc.,’ vol. 39. p. 2303 (1917). 
t • J. Chem. Soc.,’ p. 101 (1936). 
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The interpretation of what is now known as the Nathan and Watson rule 
was given by Waters,* who had, in fact, anticipated it to some extent.f 
The theory of Waters, while being qualitatively satisfactory, is confined 
to the energetics of reaction. It is capable of being extended and made 
more general by incorporation into the scheme adopted here. 

In the whole series of chemical changes studied by Nathan and Watson, 
the reacting dipole remains the same. Its contribution to the total 
electrostatic energy may therefore be included in the term E of equation 
(8). For different members of the same family of reactions, the latter 
equation gives us 

(Ex). - (EJ, ^ - No^p^^^co s O _ 1) (1 _ e-" (20) 

The exjjcrimental data are not sufficiently complete to allow us to give 
this relation a fair test. That it is satisfactory as regards order of magni- 
tude may be readily shown by ignoring the effect (which is known to be 
small) of induced polarity. We then find, from the experimental value 
of C, that r*sec 0 1 -7 x 10 “ cm.*. This figure is consistent with 

the approach of the ion at an angle considerably inclined to the direction 
of the para-substituent dipole. 

Reactions Bet>vfen Two Dipoles 
The application of the theory developed here to the chemical reaction 
between two polar molecules in a solvent with which neither interacts is 
fairly straightforward, the chief difficulty being the necessity of taking the 
average inclination of both dipoles into account. If it were justifiable 
to treat their approach as linear, we should have 

E. = 2^; Ea- E + (LT- 



No experimental system has yet been examined which conforms to the 
postulate of this simple treatment. Reactions between halides and amines 
appear to proceed by an indirect route, the first step being chemical union 
of one of them with the solvent, and the second step involving reaction 
with the other reactant and the complex. The mechanism is thus more 
complicated, but there is qualitative agreement with the present theory.J 

• Ibid., p. 1551 (1933). 

t Idem., ‘ Phil. Mag.,’ vol, 8, p. 436 (1929). 

X Moelwyn-Hughes and Sherman, * J. Chem. Soc.,’ p. 101 (1936). 
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Other Reactions Between Ions and Molecules 

Considered as a reaction between an ion and a multipole, the hydrogen- 
ion catalysed inversion of sucrose becomes too complex for treatment. 
As indicated m the opening section of this paper and elsewhere,* the 
factor P for reactions of this type has an order of magnitude too great 
to be explained on the simple considerations advanced here. Among the 
missing factors which seem worthy of elaboration is the postulated 
temperature variation of /■,t which would aid m attaching some clear 
picture to the “entropy of activation ".J Recent experiments on this 
reaction have revealed a genuine fall of with rise in temperature, so 
that the entropy term may soon be evaluated.§ The ideas discussed in 
the present work, however, while being admittedly incomplete, appear to 
take us one stage further in the solution of some of the outstanding 
difficulties in this field. || 

It is my privilege to thank Professor E. K. Ridcal, F R S , for suggest- 
ing the present problem and for his consistent help in attacking it. The 
present treatment is, in fact, merely a consecutive account of ideas which 
occurred to us jointly during many discussions on the theme. 

Summary 

According to a theory of the kinetics of chemical reactions between 
ions and polar molecules advanced by us in 1932, the term P in the 
expression k = has the order of magnitude unity. In the 

present paper we have refined the earlier work by introducing an approxi- 
mate expression for the average electrostatic energy of interaction between 
the ion and the reacting dipole. We are thus able to understand how 
far, and under what conditions, P can deviate from unity. Theoretical 
predictions of the influence of electrolytes on k, of the temperature on 
Ej^, and of the charge on the ion and the sign of the dipole on P are 
consistent with kilown facts. The treatment incorporates the rule of 
Nathan and Watson (1933), and suggests the desirability of allowing for 
the ion-dipolc interaction in the theory of so-called interionic phenomena 
in solution. The limitations of the theory are admitted and outlined 

• Cf. Moclwyn-Hughes, ‘ Trans. Faraday Soc.,’ vol. 32, p. 75 (1936). 
t Miller, ‘ Proc Roy. Soc.,’ A, vol. 151, p 181 (1935). 
t Cf. Soper, ‘ J. Chem. Soc.,’ p. 1393 (1935). 

§ Moelwyn-Hughes, ’ Z. phys. Chem.,’ B, vol 26, p 272 (1934). 

II Cf. Moelwyn-Hughes, ‘ Ann Rep. Chem. Soc.,’ vol. 32, p. 89 (1936). 
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The Relativistic Interaction of Two Electrons in the 
Self-Consistent Field Method 

By Bertha Swirles, Ph.D., University of Manchester 
(Communicated by D. R. Hartree, F.R.S. — Received 25 June, 1936) 

1— The Interaction of Twb Electrons, Taking into Account the 
Spin Interaction and Retardation 
The extension of the self-consistent field method for the relativistic 
case has been discussed i n a previous paper.! There no attempt was made 
to consider the interaction energy of two electrons to a greater degree of 
accuracy than that given by the Coulomb energy. In the present paper 
the interaction of the spins and the effect of retardation is introduced. 
The method is then applied to the evaluation of the separations of the 
components of the 2*P term of helium. 

The relativistic expression for the interaction of two electrons has been 
discussed by several authors.! The expressions they obtain may be 
shown to agree as far as terms of the first order in e* and the square of the 
fine structure constant. We shall follow the discussion of Bethe and 
Fermi since this seems to be most suited for application to the self- 
consistent field method. We require the matrix elements of the inter- 
action energy </ of two electrons 1 and 2, corresponding to given 
transitions of the two electrons. We denote the states of electron 1 by 
Nj, N'l, N"i, ..., and those of electron 2 by N„ N'l, N"|, ..., where 
each N stands for the set of four quantum numbers specifying a state 
of the electron. Then the matrix element (Nj, N,|t/|N'i, N',) corre- 
sponding to a transition Nj >• N', for electron 1 and N| -«■ N', for 
electron 2 is found as follows. We form the charge and current density 
corresponding to a transition N, > N', of electron 1. In Hartree atomic 
units these are 

(Ni IpI N'0= 'I'MN'ilD 4;(Ni|l)e‘(«'--«*)‘. (1) 

t Swirlcs, ‘ Proc. Roy. Soc.,’ A, vol. 152, p. 625 (1935). Referred to as I. 
t Breit, ‘ Phys. Rev.,' vol. 34, p. 553 (1929) ; vol. 39, p. 616 (1932) ; Molkr, ‘ Z. 
Physik,’ vol. 70, p. 786 (1931). Bethe and Fermi, ‘ Z. Physik,’ vol. 77, p. 296 (1932). 
For a summary, see Bethe, ‘ Handbuch der I%ysik.' vol. 24. The problem of the second 
order interaction energy, which gives a term of the lint ordo' in the square of the 
fine-structure constant, but which has been shown by Breit to lead to wrong results, is 
not discussed here. 
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and 

(Ni IJI N) = 4/* (N'lll) a (1) 4< (Nall) (2) 

El is the energy and (N,ll) the wave function in the state Nj and E'l 
and t}* (N'i|l) the corresponding quantities in the state N'j. a is the 
Dirac vector matrix with components ai, a,, a^.f The scalar potential 
(Ni 1 ^1 N'l) and vector potential (Ni |A| N' due to this distribution of 
charge and current at the position r, occupied by electron 2 are, putting 
l^a — fil the distance between the electrons equal to r, 

(N.|#|Ny = - ,3, 

(N. |A| N’.) = (NMD «<■) yN.IP 

where the integration is taken over all the fi space, j: 

The Hamiltonian for the second electron in this field is 

- ((Ni I ^1 N'l) -f- a (2) . (Ni |A| N'l)], (5) 

and the matrix element corresponding to the transition N, -► N'a for the 
second electron is 


gi(K',-K,+ h', -K,)« 

..J j^>^N^|l)<^nN'l|2)(l-«(l).«(2))4^(N.|l)4<N,|2)e-*<«^-^^^^^^ ^ 

( 6 ) 

We interpret this as (Ni, N, |ry|N'i, N'.). This expression (6) is un- 
symmetrical ; the discussion as given here was originally applied by 
Bethe and Fermi to two free electrons. In that case the result can be 
brought into a symmetrical form. The problem of the interaction of two 
bound electrons has been discussed by Hulme,§ who has shown that if we 
use retarded potentials for two electrons, one in the ground state and one 
in an excited state, the particle in the excited state must be supposed to 
jump down first, i.e., it is the particle 1 in the treatment given above ; the 
same result is obtained using advanced potentials supposing the particle 
in the ground state to jump up first. 

In calculating the energy of an atom with many electrons, we construct 
the wave function as a determinant of one electron wave functions as in I. 

t C/. I, p. 627. 

t In atomic units, c= 137. 

! Hulme, ‘ Ptoc. Roy. Soc.,’ A, vol. 154, p. 487 (1936). 
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Then the only types of matrix element of the interaction energy which 
occur are (N„ N* |c/| N,, NJ, the direct integral, and (Ni, N, \J\ N,, Ni), 
the exchange integral. The direct integral, given by 


(N„ Na I /| Ni, N,) 

_ [ f 4'*(N,|l)r(Na|2)[l -«(l)a(2)] .i.(N^|l)4>(Nj2) 


involves the spins but not retardation ; this is what we should expect in 
this method of approximation. The exchange integral, on the other 
hand, involves both spin interaction and retardation. It is given by 


(Ni, Na|,/| Na. N.) 

f 4>*(Na|l) 4»*(N,|2)[1 -«(l)ot(2)liKN,|l) i;^(N,l2)e-<'-->->- 




.( 8 ) 


Here the suffix 1 refers to the state of higher energy. 

The expression (6) for the general matrix element of the interaction 
energy may be expanded in powers of 1/c, and it has been shown by Bethe 
and Fermi, that as far as terms in 1/c*, this leads to Breit’s expression for 
the interaction energy. It has further been shown by Breitf that in this 
expression the Coulomb term may be considered as exact and not merely 
correct to the order I /c*. 

We shall find it more convenient to use a different method of expansion. 
Terms of the type (7) can be immediately evaluated by expanding 1 /r in 
a series of products of powers of ri and with surface harmonics as in 
equation (I, 34), and they give altogether for an atom with many electrons 


2 [J «',r,/.iO + J-pi„ {«,/,/«; n\l',r,u')], (9) 


where J is the direct integral for the Coulomb interaction and that 
for the spin interaction. These can both be expressed as the sum of 
integrals over ti and r,. For J the coefficients of these integrals are the 
a's evaluated in I. 

The integral (8) can be expanded similarly,! for putting 
El — Ej = Kc, we have 


( 10 ) 


t Breit, • Phys. Rev.,’ vol. 39, p. 616 (1932). 

J Lamb, ‘ Hydrodynamics,’ 6th Ed., p. 503. Cf. Massey and Burhe^. * Proc. Roy. 
Soc.,’ vol. 153, p. 661 (1936). 
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where r, is the smaller and the greater of and r„ 

Jtn(x) 

_ I , A'* JC* 

"" 1-3 . . (2A: + 1)1 “2(2/: + 3)^2 A. (He + 3) (U 


>:* (X) - (iTtx)* [J* , j - l)» J_,_, (X)] 

ix*+' I . ^*1 ^ 

1-3. (2^+1)L 2(2A: + 3)'^2-4(2A + 3)(2/: j 5) 

+ 1-3(2/: - ‘I I “2(1 -2k)^2 4(l~2k){i-2kf \ 


(10) reduces to equation (1, 34) for << = 0. As far as the dependence on 
the surface harmonics goes, the two expressions are the same, and (10) 
can be expressed as a sum of integrals over ri and rj. For the Coulomb 
term the coefficients of these integrals arc the h's evaluated in I 
The table of coefficients for the spin interactions, corresponding to the 
a’s and b's for the Coulomb interaction, has not yet been constructed for 
all S-, p-, </-electrons. They have been calculated for the particular cases 
required in investigating the helium triplets. The construction of the 
complete table is quite straightforward but would be laborious. 


2— Thf Spin Sfparations of the 2®P Term of Helium 

The approximate wave functions for a helium atom with one (1 j) and 
one (2/7) electron may be written 

Y J, ’J'(2p|l)| 

V2|4,(i,|2), ^(2/7j2)i’ 

where the |’s are Dirac each with four components. When the inter- 
actions are neglected there are twelve ways of forming T, since there are 
two possible wave functions for the (H) and six for the (2/?) state, and 
these all give the same value for the energy, neglecting terms of the order 
1 /c*. The correct zero order approximations to the wave functions for 
the and *P states are four independent linear combinations of these. 
In the non-relativistic case Slaterf has shown how it is possible to find the 
triplet-singlet separation without first finding the correct Mnear combina- 
tions of the zero order wave functions. This method can be carried over 


t Slater, ‘ Phys. Rev.,’ vol. 34, p. 1293 (1929), in parUcular. p. 1315. 
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to the relativistic case and extended to the determination of the triplet 
separations. We now show how this may be done. 

We first construct a table of the wave functions T, classifying them 
according io m + m' \ the two one-electron wave functions are specified 
by {Jy (J> “') m ~ u + i, m' — u' + i. In the table we separate 
the 2p and 2p wave functions.! When we come to evaluate the total 
energy to the order 1 /c*, the difference between these must be taken into 


m + m' 

Is 

2p 

2P 

(1) 

-2 

i,-l 

i.~2 


(2) 

-1 

4. 0 

i. -2 


(3) 

-1 

4.-1 

i.-l 


(4) 

-1 

i.-l 


4.-1 

(5) 

0 

4. 0 

J,-l 


(6) 

0 

4. 0 


4. -1 

(7) 

0 

4.-1 

h 0 


(8) 

0 

4. -1 


4. 0 

(9) 

1 

4. 0 

i, 0 


(10) 

1 

4. 0 


4. 0 

(11) 

1 

4.-1 

h 1 


(12) 

2 

4. 0 

i. 1 



We now form a linear combination! of these twelve wave 

functions and write down the variational equations obtained from varying 
the Cti's separately, so as to make the total energy, including the inter- 
action energy discussed in §1, a minimum, i.e., if H is the total Hamiltonian 
for the whole atom. 


8||c«T%Hc«'F,</TirfT, = 0, 

subject to 


( 11 ) 

( 12 ) 


We obtain a determinantal equation for the total energy E, with twelve 
rows and columns, and elements ~ EU(f + Hy (/, /= 1, . 12) where 
U is the unit matrix and Hy is the matrix component of the Hamiltonian 
between the state with wave function and that with wave function 
(There are, in fact, non-vanishing matrix components of the interaction 

t As in I, denotes / » UJ ^ h 

t We use the convention that a respected suffix implies summation over that suffix. 
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energy between the states 1-12 and states belonging to other configurations 
of completely different energy. To take these into account would involve 
the consideration of “configuration interaction’’, which is beyond the 
scope of the present paper. As in Slater’s non-relativistic treatment, they 
will be ignored for the present.) We shall now use the fact that the 
determinantal equation splits up into the form : 


1 2 9 4 S « T 8 0 10 11 12 



/.e., two one-rowed, two three-rowed, and one four-rowed determinant, 
corresponding to the classification in Table 1. The matrix components 
b^een states of different (m + m') vanish. Before proving this 
important result in the next section, we show how it enables us to find the 
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energies of the four states ^Px, The possible values of 

(m + m') for these states are : — 


'Pi 

-1 0 1 

*Po 

0 

*P1 

-1 0 1 

»Ps 

-2-1012 

We see that the equation (3) splits up into five separate equations 
roots of these are correlated to the states as follows : — 

Determinant 

Roots 

I, V 

*P. 

11, IV 

»P„»Pi, ’Pi 

III 

»P„ *P„ »Po, >Pi 


I gives immediately “Pj. We then solve the determinantal equation II, 
obtaining in addition *Pi and *Pi. The sum of the diagonal terms in III 
then gives ®Po. It should be noted here that the dilTerence of the diagonal 
sums of II and IV gives ®Po without requiring the determination of ^Pi. 
We should not therefore expect the degree of accuracy, with which given 
approximate wave functions give the spin separations of the triplet term 
*P, to depend on the accuracy with which they give the triplet-singlet 
separation. 

We now assume that we have suitable one electron wave functions for 
the b, 2p, and 2p states. Let E, be the total energy of the two electron 
system correct to order 1/f*, but neglecting the interaction energy, and 
calculated with a T" constructed from a \s and a 2p wave function. The 
energy calculated with a T constructed from a 1 j and a 2p wave function 
will differ from this by an amount of order 1 /c*. We use the abbreviations 
Fo {sp) for Fo (1, 0 ; 2, 1) and G, (sp) for Gi (1, 0 ; 2, 1) {see I). Fo {sp) 
(= Fo (1, 0 ; 2, -2)) and G^ {sp) (- Gi (1, 0 ; 2, -2)) differ from Fo {sp) 
and Gi {sp) by quantities of the order 1 /c* Each element of the deter- 
minant differs from some linear function of E, Ex, F^{sp), Gx{sp), by terms 
of the order 1 /c*. These will be discussed in detail in § 4. For the present 
we write for the remainder of the terms of order 1 /c* in each matrix 
component Hif. Then the one-rowed determinant equation takes the 
form 


E + El -f Fo {sp) — ^Gi {sp) -1- Sii = 0, 


(14) 
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and the three-rowed equation given by determinant II is 


— E+Ei+F^ 

- ^Gi(^P)+S*a, 
gGi(sp)+S,4, 


-E+E,+Fo(iA>) 
-|Gi (^P)+S,*, 


|g,(5/>)+S„ 

-E+E,+FoCvp) 

-iGi (JP)+S44 


= 0. (15) 


The diagonal terms H<y in the determinant 111 are 


Hss H 77 = El + Fo isp) — iGi (s/>) f S„ 

H«* - Hgg = E, + Fo (sp) - |Gi isp) + S„. 

The coefficients of Fo (sp) and G^ (sp) in the diagonal terms can be 
obtained from the tables in I. For the non-diagonal terms they are quite 
easily calculated. The are calculated in detail m § 4. We verify that 
the following relations are satisfied by the terms of order 1 /c*, 


Sjj + 3‘S.j = S„ I 

Ss8 + ^S„-Su j-. (16) 

3*S,« + S,4 = 0 I 


Adding the first column of determinant II to i* times the second, and 
further abbreviating Fq (sp), G, {sp}, and F®, Gj, equation (5) becomes 


(-E+Ei+Fo-iGi+Sn) 


X 


— E+Ei+Fo+Sj, I 

-^Gi+S„ 3* 


-|g,+S34 


-0. (17) 


|Gi+S, 4 0 -E+E4+Fo-iGx+S44 


This gives one root the same as that of the one-rowed determinant as it 
should. This root gives the energy of the *P| term. Solving the equation 
(17) we find the root corresponding to ‘Pi. This is immediately dis- 
tinguished from the root corresponding to Ti, since, apart from toms of 
order 1 /c*, it is the same as the root already found, giving *Pi. The triplet- 


Va,. CLVU.— A. 


2 2 



688 


B. Swirles 


singlet separation is |Gi.t Finally, the *Po term is given by the difference 
of the sums of the diagonal terms of the matrix of H in the determinants II 


and III. 

In this way we obtain 



’P. 

El + F„ - iGi -h S„ 

1 


’Pi 

E, + F„-iG,-iSn 

+ 4S„-hiS44 + yS34 

(18) 

’Po 

Ei + F-iGi + 2 (SB. 

i + Sea) “ (Sss + S 33 + 844 ) 1 



We have therefore the triplet separations by subtraction : — 

’Pi - ’Pa ' - V-Su + -t- IS44 }- 1 S„ 

’Po — ’Pa 2 (SfiB + Sg,) — (Sn -|- Sga + S33 + S44) 

The calculation of these quantities is given in § 4. Before proceeding to 
this we prove the important result mentioned above. 

3- -Proof that the Matrix Components of the Hamiltonian Between 
States of the Same Zero Order Energy Vanish Except when 
m-\- m' \& UnchangedI 

Let p. (1), (2) be the orbital angular momenta of the two electrons, 

o(l),o(2) their spin matrices, and M (1), M (2) their total angular momenta. 
We show first that M (1) 4- M (2) is a constant of the motion as it should 
be, i e., that it commutes with the total Hamiltonian. We shall prove 
this for the Hamiltonian containing the interaction energy correct to the 
order 1/c*. For this purpose we use Breit’s expression, which, as we have 
pointed out in § 1, can be obtained by expansion of (6) in powers of 1 /c*. 
The interaction energy is then 

r ~ ^ 1“ + «(l).ra(2).r ^ ^20) 

Now M(l)-fM(2) commutes with the Hamiltonian for the two 
electrons moving separately in the field of the nucleus.! We have, there- 
fore, only to show that M (1) -1- M (2) commutes with the expression (20). 
If P (1). P (2) are the momenta of the two electrons, then 

p (1) = r (1) A p (1). p (2) - r (2) A p (2). (21) 

t Cf Slater, be. clt., p. 1315. 
t Cf. Slater, loc. clt., “ Notes,” p. 1319. 

§ Dirac, “ Quantum Mechanics,” 1st. ad., p. 250. 
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Now» 

P (1) A p (1) + p (2) A p (2) - - I (r (1) A V,„ + /■ (2) A V,*,). (22) 
and therefore, 

[It (1) + It (2)] [|t (1) + It (2)1 - - i (p (1) A V,i, + P (2) A V,„) 

= - [(« (1) A P) (« (2) . p) + (« (2) A P) (« (1) . P)]. 

(23) 

We next consider 

[a(l)+«(2)],/ - - ,/[o(l) + «(2)]. 

We first prove that if X ts any vector which commutes with « (1), 

a(l)a(l).X-«(l).Xa(l)= -2/a(l) aX. (24) 

For, using a suffix notation for the components of the vectors, 

a. (I)=-i/e.^ a, (!)«,(!), (25) 

and 

a,(l)a.(l)+«.(l)«,(l) = 2«.,l, (26) 

where is the alternating tensor, S,, =» 0 (« gfc t), = 1 (u = r) and 

I is the unit matrix with four rows and columns. We use the summation 
convention for repeated suffixes. 

Then the s-component of the left-hand side of (24) is 

0.(1) a,(l)X,- «,(l) X,o.(l) 

- - i ie,^aai) (1) a, (I) X, + i/a, (1) X,*.^ (1) «, (1) 

= - i «,(1)[28.,1 - «.(1)«.(1)] - [2n„l- a,(l) «,(!)] a,(l)}X, 
= -i(c,„a,(l)-c.„«,(l))X. 

= -2/(a(l) A X)., (27) 

and the result (24) follows at once. 

It follows therefore that 


q (1) ^ - Jo (1) ^ (1) A a (2) -f (28) 
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Therefore, 

[a (1) + a (2}] J-J [a (1) + e (2)] = i [(a (1) a r) (a (2) . r) 

+ (a(2) Ar)(a(l).r)l. (30) 

Now, 

MCl) = |i(l) + i 0 (l) and M(2) = |t(2) + io(2). 

It follows from (23) and (30) that M (1) + M (2) commutes with the inter- 
action energy -/ and hence with the total Hamiltonian as far as terms 
in 1/c*. 

We next show that the 2 -component M,(l) -|- M,(2) of the total angular 
momentum has a diagonal matrix referred to our approximate wave 
functions formed as anti-symmetrical products of one electron wave 
functions ; these arc of the form of central field wave functions and may 
be taken to be of the form given by Darwin.t For a single electron wave 
function it may be seen that the matrix component of 

vanishes on account of the properties of the spherical harmonics, 
except between states of the same between states of the 

same (I,j, u) but different n, the matrix component of M, (1) is simply 
m(— u + i) times that of unity and therefore vanishes on account of the 
orthogonalizing condition. Since M, (2) does not affect the wave function 
of electron 1, and vice versa, it follows that M,{1) + M, (2) is a diagonal 
matrix referred to the products of one electron central field relativistic 
wave functions. 

The commutation relation of M, (— M, (1) + M, (2)) and H, the total 

Hamiltoman, can be written in matrix form, using N, N', N" to 

stand for the complete set of quantum numbers of both electrons, 

X [(N 1M,1 N') (N' 1H| N") - (N \H\ N') (N' |M,| N")] = 0. (31) 

Since M, is a diagonal matrix, i.e., 

(N 1M,1 N') = 0, unless N = N', 

(12) becomes 

[(Nl M,| N) - (N" |M,| N")] (N |H| N") = 0. 

Therefore, either 

(N IHI N”) = 0, or (N |M,1 N) = (N" |M.| N"), 
t ‘ PToc. Roy. Soc.,’ vol. 1 18, p. 654 (1928). cy. also I, p. 630. 


( 32 ) 



Relativistic Interaction of Two Electrons 691 

which is the result required, namely, that the matrix components of the 
total energy vanish except between states for which M„ the z-component 
of the total angular momentum has the same value, i.e., for which m + m' 
is the same 

4 — ^The 2®P Term of Helium. Numerical Calculation 

We now evaluate the triplet separations given by (19). In this calcula- 
tion we shall use relativistic hydrogen-like wave functions, for the s-state 
in the field of a nuclear charge 2 and for the p- and p-states in the field of 
a unit nuclear charge. There is an obvious objection to the use of these 
wave functions, since to the order of accuracy to which we are working 
they may lead to relatively large errors. The calculation is intended as a 
preliminary investigation and shows the lines on which any calculation 
using relativistic wave functions which are products of one electron 
central field wave functions will have to go. We denote the normalized 
radial wave functions! for the Is-state by Pq, Q^, those for 2 p by P^, Qi, 
and for 2 p by P_ 2 . Q- »• Table II gives the wave functions to the ordo- 
to which they will be required. We require the separations (9) correct 
to the first order in 1 /c*. 

Table II 

Is P,*4V2«-S' = 

The contributions to the terms in (9) arc divided into two classes ; 
first, those arising from the differences in the total energies of the sqiarate 
electrons and the Coulomb interaction when calculated with 2 p and 2p 
wave functions ; second, those ariang from the spin infections. 

We consider the first class. As we have pointed out in § 2, Ej, Fj, G, 
are quantities calculated with 2p wave functions. The wave functions (4) 
and ( 6 ) are constructed with 2p wave functions. Therefore in S 44 , 8 , 4 , 
and S,„ there will be terras arising from the differences between Ej (sp), 
Fo (sp), Gi (sp), and Ei, Fo, and Oi respectively. 

tC/I(29).(30). 
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I— Difference Between Ej (sp) and Ej (sp) 

We are using 2p and 2p wave functions for an electron in the field of 
unit charge. 

The energy of a 2p electron is 

E(2p)~c*[l+j^'f. (33) 

while that of a 2p electron is 

and to the order I /c* 

E (2p) - E (2/>) == - 0 -031 2 . i . (35) 

We have further to take into account the fact that the potential energy of 
the two electrons in the field of the nucleus is — — — — .whereas the total 

'•i '•i 

energy for a \s and a 2p, or 2p electron, calculated with our wave functions, 
includes only a potential energy —1 — 1.. We have therefore to add to 

ft ft 

(3) the difference, 

- + -0 1250.1. (36) 

Adding this to (3) we have for the difference in the separate energies of 
the electrons using 2p and 2p wave functions, — 0*1562. 1/c*. This will 
appear in S 44 and S^. The contributions to the separations are given in 
the first line of Table IV. 

Ur— Difference Between F® {sp) and Fq {sp) 

Referring to equation (1, 38), we find that, 

F. - F. («,) = ^ I'JJ iW + r.* + 1 -3374 r,‘ - 

— Jr,* log rO dri dr, 

= 0.1161.1. (37) 

(r 

This will appear in S 44 and S^. The result is shown in the second line of 
Table IV. 
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III — Difference Between Gi [sp) and Gi (sp) 

Refcrriag to equation (I, 44), we find that 

Gr (sp) - G, isp) - I j* (- 2r,* + 1 -3374 r,* 

- (fi* - log dri dr^ 
= - 0-0072.1. (38) 

This will appear in S44 and S^- Further, in H34 the exchange integral is 
calculated with one 2p and one 2p wave function. Denoting this by 
G| (spsp), we find that 

Gj (spsp) - Gj (sp) -- i [G (sp) - G (sp)] 

= -0-0036.1. (39) 

This will appear in 834. The results are shown in the third line of Table IV. 

It should be pointed out that the retardation, Le., the term in in the 
expansion of c^'/nn (10), does not affect the separations, although it affects 
the absolute position of the terms. 

We next come to the contributions arising from the matrix elements of 
— o (1) . « (2)/r. We shall refer to this as the spin interaction. 

\V--The Direct Spin Interaction 

We use the following abbreviation for the integrals which occur, 

T* («? ; y 8) = |0. (rO P3 (r^ Q, (r.) P, (r,) dr, dr, 

-T4(YS;«p)?iT*(?a;SY). (40) 

The first letter in the bracket denotes the Q (the small wave function) and 
the second letter the P (the large wave function) of the electron 1 ; 
similarly the third and fourth letters denote the Q and P respectively of 
the electron 2. Since the Q’s arc each of order 1 jc, we need only the zero 
order terms in the P’s, and these are the same for p and p wave functions. 
The second letter of a pair may therefore be either p or p, to our order of 
approximation ; for the first letter of a pair, however, we must distinguish 
between p and p since the Q’s arc different. In the direct spin interaction 
the integrals which occur are : — 

Ti (JJ ;pp) = 0-0147 . 1 . 

T, (ss ;pp) = T, (ss ;pp) = - 0-0237 . i . 
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The tenns in the nmtrix elements in the three-rowed determinant can be 
read from Table III. The others required are : — 


Su 

-i§Ti(M 

\PP) 

S„ 


\PP) 

S,. 

f Ti (.ss : 

\PP) 


Table III 



2 

3 

4 


U TxUs;pp) 

-^TAss;pp) 

L+ T. (s^ xpP) I 

2 


j^Ttispxsp) 

1 + 3To(jp:^j) 1 


r T,(jp;^p)-| 

A +rT^(sp-.ps) 

L+ T, 

r IIT, 

•* 9T,(p5:pi)J 

l._3T,(v:7>^).l 



i!!Ti (ss,pp) 

_2!|- Ti(m.pp)| 
9l fTx(»5:pp)J 

3 


tToisp-.sp) 

_2\\ Toisp.sp)] 

9l -|-3T,(v,m| 



r 4T, (tj>,5p)-| 
=•»» +3T, 

L+9T,(p»;/>i)J 

21 r T, (spi sp) 1 
431 - 3T,(jp;pj) 1 




l5Tx(5i;^iJ) 

4 



r T, (j^;jrp)-1 

i +6T, (sp ;ps) 
L+9T,(?4;?*)J 




ATi (*P; *P) 


The contributions to the separations are shown in the fourth line of 
Table IV. 
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V — The Exchange Spin Interaction 
The radial integrals which occur are • — 

To {sp\ sp) = To (sp; sp) -= To (sp; sp) ~ 0 0180 . ^ 

To (p.v;^s)^0 >0268.1 

T^(sp ,ps)=^l^(sp-,ps) - - 0 0211. ij 

T,(syj; sp) ^ Ta(sp; sp) -- Ts(.sp;sp) = 0 0082 . ^ 

T, (ps ; ps) = 0 0005. p 

To(sp;ps) = T*(sp;ps) - 0 0020,^. 

The terms m the matrix elements in the thrcc-rowed determinant can be 
read from Table III. The others required are : — 

Sii ^Tolsp; sp) -I- [ 7 !^T,(sp:sp) - ^VTjIvp ;ps) 1- A T* (ps; ps)] 
S« d To (sp ; sp) + Ig^jrV T, (sp ; sp) + f j[ T, (sp ; ps) +- yV T, (ps ; ps)] 
Sm To (sp ; sp) + 4 To (sp ; ps) + 2 To (ps ; ps)] + |g T, (.sp ; sp). 
The contributions to the separations are shown in the fifth line of Table IV. 

Table IV — The Energy Separations are Given in Terms of 1 /c* in 
Atomic Units 

'Pi - "P, »Po - ’P, 

- V' s„ + ^S„ -t- I- ^ S;„ 2 (S„ f - (S„ + S„ + S„ f S,«) 


I 01041 -0 1562 

II 0 0774 01 161 

III 0 0016 0 0024 

IV 0 0157 0 0788 

V (fc=0) 0 0093 0 0202 

(k-^l) 0 0018 0 0036 

Total 0 0017 0 0649 

The separations in cm'‘ are given below, with the observed values! for 
comparison : — 

»Pi - *P, "Po - *Pi 

Calculated 0 020 0-759 

Observed 0*077 1 >068 


t C/. Houston, ‘ Proc. Nat. Acad. Amer.,’ vol. 13. p. 9I (1927) ; Hansen, ‘ Nature,’ 
vol. no, p. 237 (1927). 
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The agreement is as good as can be expected with the wave functions 
used. 

Previous calculations by Gauntf and Breitf have involved the reduction 
of the Dirac equation to a second order equation. This has an advantage 
over the present method in that the physical meaning of the different con- 
tributions to the separations — ^from the “ spin-spin ” and “ spin-orbit ” 
interactions is readily seen. Since, however, in the relativistic theory of 
the electron, the “ spin ” cannot be separated from the orbital angular 
momentum, these terms are somewhat artificial. Moreover, Dirac’s 
equation in its first order form is easier to handle than the second order 
equation derivable from it. Once the coefficients of the integrals over the 
radial wave functions have been determined, the present method depends 
simply on the insertion of the best obtainable wave functions in these 
integrals. The present paper is intended as a preliminary investigation of 
the practicability of the relativistic self-consistent field method. The 
results obtained are approximately the same as those obtained by Gaunt, 
using a sunilar approximation to Schrddinger wave functions ; a great 
deal of the work involved in his paper in the formation of the correct zero 
order wave functions has been avoided. Breit has obtained much better 
agreement with experiment, using Schrbdinger wave functions, including 
a dependence on r, the distance between the electrons, as well as on r^ and 
r,. It is probable that in the present method the agreement can be 
materially improved by the use of more accurate wave functions obtained 
by a variational method ; it is hoped to repeat the calculations with such 
wave functions. 

In conclusion, the author wishes to thank Professor D. R. Hartree, 
F.R.S., for his continued interest in this work, and for helpful criticism. 

Summary 

The relativistic self-consistent field method is extended to take account 
of the interaction of the spins of the electrons and retardation. The method 
is applied to the evaluation of the sqiarations of the 2*P term of helium, 
using a modification of Slater’s method of " diagonal sums ”. The agree- 
ment with experiment is as good as can be expected with the wave functions 
used. 

t ‘ Phil. Trans.,’ A. vol. 228, p. 151 (1928). 

: • Riys. Rev.,’ vol. 36, p. 483 (1930), 
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Address of the President, 

Sir William Bragg, O.M., at the 
Anniversary Meeting, 30 November, 1936 

The year which has passed since our last Anniversary Meeting is sadly 
distinguished by the heavy losses which death has brought upon our 
Society. 

First and most conspicuous is the death of our revered Patron His 
Majesty, King George V. With all his peoples we mourn the close of a 
life devoted to the cause of peace and progress. As members of our 
Society we feel deeply the loss of a Patron who was a true friend to the 
purposes for which our Society exists. 

By the death of Richard Tetley Glazebrook, at the age of eighty-two 
years, we lose one of the most active and efficient scientific workers and 
organizers of his generation. Glazebrook began his scientific career 
under Clerk Maxwell and the late Lord Rayleigh at the Cavendish 
Laboratory. His first investigations were on double refraction. In the 
early ’eighties he became interested in the absolute determination of the 
electrical units, which continued to occupy him up to the very end of his 
life. 

He was for a time Senior Bursar of Trinity and then Principal of 
Liverpool University, but on the establishment of the National Physical 
Laboratory in 1899, Glazebrook was appointed the first director, and 
the present prosperity and national importance of that institution arc 
more due to him than to any other single man. It remains as an abiding 
monument of his life’s work. His retirement in 1919 by no means 
marked the close of his activities. As chairman of the Aeronautical 
Research Committee, and of the Executive Committee of the Laboratory, 
he was still able to do much to promote the work to which he had devoted 
his best years. He was elected to the Society as early as 1882, and 
received the Hughes Medal in 1909 and the Royal Medal in 1931. He 
was created K.C.B. in 1920, and received numerous other honours. The 
debt which the country owes to him in the development of aeronautics is 
very great. 

I^CY Carlyle Gilchrist was associated with his cousin, the late 
Sidney Gilchrist Thomas, in experiments which ultimately led to the 
establishment of the Basic Bessemer Process. Bessemer h^ discovered 
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in 1855 that a stream of air when blown through molten pig iron con- 
tained in a converter removed its carbon and silicon by oxidation, the 
heat evolved being sufficient to retain the metal in a molten condition. 
The metal thus produced was brittle owing to its oxidized condition. 
Within a year Mushet made the important discovery that if manganese 
was added to the molten metal in the form of ferro-manganese it removed 
the absorbed oxygen and enabled sound malleable ingots to be cast. 
These discoveries led to the establishment of the “ acid ” Bessemer pro- 
cess in which the lining of the converter is a siliceous refractory material. 
But phosphoric irons were not amenable to this treatment since with an 
acid lining the phosphorus remains in the finished steel and renders it 
brittle. 

In the early ’seventies Thomas conceived the idea of lining the converter 
with a basic material and making additions of lime with a view to elimi- 
nating the phosphorus in the converter. After preliminary experiments 
he enlisted the help of his cousin, P. C. Gilchrist, who was then a chemist 
at Cwm Avon in South Wales. Experiments were continued at these 
works and Thomas and Gilchrist took out two patents. They were 
greatly assisted m their work by Mr. Martin of the Blaenavon Steel 
Works, who came to their assistance, and on 6 March, 1878, another 
patent was taken out. After this, progress was rapid and at the autumn 
meeting of the Iron and Steel Institute, held that year m Paris, they 
presented a paper entitled “ On the Elimination of Phosphorus in the 
Bessemer Converter ”. The paper was not read at this meeting and was 
adjourned until the following one in 1879 when it was read by Thomas 
and published in the Journal of the Institute. In this way the Basic 
Bessemer Process was established and has proved to be one of the main 
processes for producing cheap steel on a large scale. 

Stewart Ranken Douglas was Deputy Director of the National 
Institute for Medical Research and Director of the Department of Experi- 
mental Pathology and Bacteriology. He will always be remembered for 
his work, in association with Sir Almroth Wright, on opsonins and 
vaccines. The discovery of opsonins was communicated to the Society 
in 1903, a second communication followed early in 1904, and further 
work on these subjects during the following decade laid the foundations 
of vaccine therapy as it is practised to-day. Douglas devised several 
valuable nutrient culture media for pathogenic bacteria, and one of these 
proved invaluable during the War, for it enabled large quantities of 
vaccines to be made for the Army at a time when the constituents of 
culture media as then compounded were becoming difficult to procure. 
After the War, Douglas organized the new pathological laboratories at 
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the National Institute for Medical Research and devoted himself to the 
initiation of new lines of research and the encouragement of his Juniors. 
He was largely responsible for planning and directing the scheme of 
study of virus diseases at the Institute which proved so fruitful. Although 
the publications under his name in this branch of knowledge arc few, he 
inspired and guided much of the work published by his juniors. He was 
elected to the Fellowship of the Society in 1922 and to the Fellowship of 
the Royal College of Physicians in 1933. 

James Hartley Ashworth was a distinguished zoologist and acquired 
a wide reputation as a teacher, more particularly in that branch of the 
subject which is usually referred to as medical zoology. 

In the early part of his career he made an important contribution to 
our knowledge of the Alcyonaria and afterwards turned his attention to 
the anatomy and systematics of the lug-worms (Arenicolidae). His 
elaborate investigation of the histology of the nervous system of these 
worms and the distribution of the giant-cells they possess, yielded results 
of great interest and importance. 

Soon after his appointment to a lectureship in the University of Edin- 
burgh, he was invit^ to provide a course on medical zoology for post- 
graduate students. As it was the first course of this kind to be given in 
this country, it was difficult at first to obtain a sufficient supply of speci- 
mens to illustrate his lectures; but with characteristic energy and skill 
he soon remedied the deficiency. In a few years the course acquired a 
wide reputation and attracted a large number of young medical men. 

In connexion with this class, original research was encouraged and 
stimulated, his own great monograph on the organism Rhinosporldium 
which causes a polypus in the nose, being a contribution to our knowledge 
of outstanding importance. 

Professor Ashworth will also be long remembered for the energy he 
displayed in obtaining the necessary funds for the magnificent new 
Zoological Laboratory in Edinburgh which now bears his name, and also 
for the wide knowledge and skill that he showed in expressing his 
wishes to the architects of that great building. 

Professor Ivan Petrovitch Pavlov, best known of Russian men of 
science and greatest of Russian physiologists, died on 27 February last 
at the age of 86. He had been a Foreign Member since 1907, was Copley 
Medallist in 1915, and Croonian Lecturer in 1928. He was Nobel 
Laureate in 1904. 

Pavlov was the son of a village priest and the grandson of a priest, 
and throughout his life, in spite of fame and position, he kept the 
simplicity of his origin, and in his teaching some of the attributes of the 
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priest. He preserved his vigour to the end, and in August, 1935, presided 
over an International Congress of Physiologists which his prestige, and 
the affection of physiologists for him, had brought to Leningrad. His 
position in Russia was unique among scientific men and unique in public 
estimation. The attention paid to science in the Soviet Union is due, to 
a significant extent, to Pavlov’s character and achievements. 

Pavlov’s earliest researches were on the physiology of the circulation, 
and in that work he realized, as Starling said of him, the necessity of 
avoiding, if possible, disturbing factors such as anaesthetics, pain, and 
discomfort in experimental work on the normal functions of the body. 
From 1888 to 1900 came his great work on digestion, particularly on the 
nervous control of digestion. From 1902 onwards Pavlov and his 
pupils dedicated themselves to the problems of the higher nervous pro- 
cesses in the brain. The whole subject of “ conditioned reflexes ” was 
developed by Pavlov during that period. His demonstration that intelli- 
gent behaviour in animals is built up largely of conditioned reflexes, just 
as skilled movement is the integration of simpler reflexes, although its 
consequences may often have been exaggerated by others, will remain 
one of the fundamental contributions to the physiology of the brain. 

Pavlov remained an inspired and inspiring teacher to the end. A few 
weeks before he died he wrote a “ Bequest to the Academic Youth of his 
Country ”, which gives vividly the philosophy of his experimental work: 
” Never attempt to screen an insufficiency of knowledge even by the most 
audacious surmise and hypothesis. Howsoever this soap-bubble will 
rejoice your eyes by its play, it inevitably will burst and you will have 
nothing except shame ”. “ Perfect as is the wing of a bird it never could 
raise the bird up without resting on air. Facts are the air of a scientist. 
Without them you never can fly. Without them your theories are vain 
efforts “ Do not allow haughtiness to take you in possession. Due to 
that you will be obstinate where it is necessary to agree, you will refuse 
useful advice and friendly help, you will lose the standard of objective- 
ness ”. ” Remember that science demands from a man all his life. If 
you had two lives that would be not enough for you. Be passionate in 
your work and your searchings ”. 

With Pavlov died one of the greatest of our Foreign Members, one of 
the greatest teachers and investigators in physiology, and a very good and 
simple man. 

Professor Conwy Lloyd Morgan, who died at the age of 84, entered 
the School of Mines with a view to becoming an engineer: here he came 
into contact with T. H. Huxley, under whose stimulating influence he 
acquired a deep interest in biology. After occupying a post in South 
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Africa, he was appointed lecturer on geology and zoology at University 
College, Bristol, succeeding Sir William Ramsay as Principal of the 
College in 1887. He had long had a deep interest in psychology and 
philosophy, and his sound scientific training well fitted him to take a 
broad synoptic view of the problems of life and mind. His researches 
on comparative psychology, especially on birds and dogs, were directed 
particularly to the segregation of innate and acquired factors in early 
behaviour, and are of permanent value in the development of a truly 
scientific psychology, founded upon a sound biological basis. In his 
later years he built up a philosophy of Emergent Evolution. 

George Thurland Prior, distinguished as a mineral chemist and a 
well-known authority on meteorites, was elected a Fellow of the Society 
in 1912. He was born at Oxford in 1862, and, after a school and university 
education there, he entered the Mineral Department of the British Museum 
in January, 1887. There he did his life’s work. In 1909 he succeeded 
Sir Lazarus Fletcher as Keeper of Minerals, and on reaching the Civil 
Service age-limit he retired in December, 1927, after over forty years of 
service. 

In addition to his work as curator of large and growing collections and 
to the labour involved in determinations and reports on specimens sub- 
mitted to the Museum, he made many investigations on minerals, rocks, 
and meteorites. Many new minerals were based on his careful analytical 
work, often done on very small amounts of material. He excelled in the 
difficult analyses of minerals containing niobium, tantalum, titanium, 
zirconium, and the rare-earths; and problems relating to these were 
often referred to him by workers in other countries. One of these 
minerals, a titano-niobate of yttrium and cerium earths from Swaziland, 
which he had analyzed, was named prionte after him by W C. Brogger, 
a Foreign Member of the Society. His pctrographical work included 
descriptions of the rocks collected by the Antarctic expeditions of Ross 
(1839-43), Borchgrevink (1898-1900), and Scott (1901-04), and of alkali- 
rocks from Abyssinia and East Africa. In his work on meteorites he 
described many new fails and devised simpler methods for the partial 
analyses of others previously known. From his results he was able to 
show that “ the richer in nickel is the nickel-iron, the richer in ferrous 
iron are the magnesium silicates This may well be called Prior’s Law. 
On it he based a new genetic classification of meteorites. His ” Catalogue 
of Meteorites ” is the standard work of reference. Dr. Prior was for 
eighteen years the General Secretary of the Mincralogical Society, and its 
President in 1927-30. 

To the physiologist the name of John Scott Haldane will always be 
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associated with that masterly investigation of the respiration which was 
his outstanding contribution to pure physiology, for this has played a 
remarkable part in moulding the change of outlook in physiological thought 
which has bwn apparent since the beginning of the present century. Deeply 
interested in a philosophy of life which guided, and was in turn guided 
by, his own experimental researches, he has made clear by his work the 
exquisite and quantitative coordination of the different functions of the 
body on which the integrity of the living organism depends, and the 
delicate adaptive changes which are characteristic of life. By the intro- 
duction of new experimental methods and the design of special apparatus, 
he has shown how it is possible to use delicate methods of chemical and 
physical analysis to gain an insight into the physiology of the intact and 
normal human being. Far-seeing and original in his ideas and courageous 
in maintaining his views, his work ranged over a far wider field than 
academic physiology, for he drew no distinction between pure and applied 
science but found inspiration for his work in both alike. Much of his 
time and thought was devoted to investigations whose object was the 
reduction of the risks which the miner has to run in the course of his 
daily occupation, and the elimination of the diseases and discomforts 
associated with mining or with other occupations when men have to 
face foul air or extremes of temperature. By the application of strict 
scientific methods, he has rendered negligible the dangers which were 
formerly associated with deep diving and work in compressed air. Great 
as were his contributions to physiology his investigations in the field of 
general industrial hygiene were no less important and fruitful. 

Percy Fry Kendall was born in London in 1856. He began his 
geological studies at evening classes, and in the early ’eighties took the 
full course at the Royal College of Science, South Kensington. He 
then went to Manchester as a Berkeley Fellow of Victoria University. 
His life’s main work was the building up of the School of Geology at 
Leeds. Starting under difficult conditions as a part-time lecturer at the 
Yorkshire College in 1891, his teaching attracted students to his classes 
and brought prestige to the College, so that when Leeds University 
received its charter in 1906 he became the first occupant of the Chair of 
Geology. 

Among geologists, Kendall will be remembered as the great protagonist 
of glaciation of Britain by land ice. He was the central figure in the 
organization of local workers who, through a British Association com- 
mittee, made systematic records of the dispersion of glacial boulders. 
An outstanding contribution to natural knowledge is the demonstration 
of ice margin-retreat stages round the British hills, which was started 
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with his publication in 1902 on “The Glacial Lakes of Cleveland” in 
the Quarterly Journal of the Geological Society. 

From about 1900, Kendall's attention was directed to the supply of 
underground water for Yorkshire towns and villages, and so to the 
problems of the coalfields. For the Royal Commission on Coalfields in 
1905 he produced a masterly report, documenting the local application of 
the doctrine of posthumous folding, and estimating the unproved area of 
the Yorkshire, Nottinghamshire, and Derbyshire coalfield at 3885 square 
miles. 

Professor Kendall was awarded the Lyall medal of the Geological 
Society in 1909. He retired from the Chair at Leeds in 1922 and was 
granted the title of Emeritus Professor. He was elected into this Society 
in 1924, and received the honorary degree of D Sc. at the coming of age 
of Leeds University in 1926. He died at Frinton-on-Sea in March, 
1936. 

By the death of Sir Archibald Garrod, the Society loses a Fellow 
who, while primarily an investigator, became famous as a practising 
physician and pathologist. He was trained in medicine at St. Bartholo- 
mew’s Hospital. Early in his career he was attracted by the subject of 
urinary pigments, and published papers on haematoporphyrin, urochrome 
uroerythrin, and urobilin. His work on alkaptonuria was of primary 
importance: he saw in it, not a disease but an individual variation; these 
and other studies led to the publication of his book on “ Inborn Errors 
of Metabolism ” in 1909. His professional career absorbed much of his 
time, and left him little leisure for personal research, though his sympathies 
and interest were a direct stimulus to much valuable work while he was 
Regius Professor of Medicine at Oxford from 1920 to 1927 He was 
elected a Fellow in 1910 and was a Vice-President from 1926 to 1928. 

Sir Joseph Ernest Petavel was born in London in 1873, spent his 
early years at Lausanne where he studied engineering and returned to 
England in 1 893 to continue the study of his subject for three years at 
University College, London. For the next three years he worked in the 
Davy Faraday Laboratory of the Royal Institution on the properties of 
matter at low temperatures, on the emission of light and heat from carbon 
and platinum with the object of obtaining a standard of light ; there also 
he devised the well-known “ Petavel gauge ” for measuring the rate of 
rise of pressure in explosive reactions. 

Procfi«ding to Manchester University in 1901, he lectured on mechanics 
and metedrology and applied his conspicuous gift for design to the 
evolution of a new technique for work at high pressures and temperatures. 
This had an important influence on the study of ballistics, and of com- 
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bustion, and on the industrial development of chemical reactions undei 
the above conditions. He became ^ofessor of Engineering there in 
1909. 

Through his interest in the problems of the upper air, he came into 
touch with aeronautics, and in the early days of the War supplied a definite 
stimulus to the study of aerodynamics, resulting in improvement in the 
stability of aeroplanes. His fertility in design was also employed in 
other work for the Admiralty and the War Office. 

In 1919 Petavel succeeded Sir Richard Glazcbrook as Director of the 
National Physical Laboratory and gave his undivided attention to the 
extension of its activities and especially to the increase of its usefulness to 
industry. 

Petavel will be remembered not only for his achievements in pure 
science and in administration but also for his personal qualities, his 
courtesy, hospitality, and love of his house and gardens, for the upkeep 
of which he expressed a wish that a contribution should be made from his 
bequest to this Society. 

ftofessor Karl Pearson, Gallon Professor of Eugenics at University 
College, London, from 1911 till his resignation in 1933 at the advanced 
age of 76, died suddenly on 27 April. Elected to the Goldsmid Professor- 
ship of Applied Mathematics at University College in 1884, he began the 
statistical work with which his name is chiefly associated about the year 
1891, his first statistical memoir being printed in the .* Philosophical 
Transactions’ of 1894, From -then onwards there followed an ever- 
increasing mass of work at first largely in our ‘Transactions’ and 
‘ Proceedings later mainly in the journal ‘ Biometrika ’ which he founded 
in 1901, work which may well be said to mark a new epoch in the history 
of statistical method. Pearson was not only himself an indefatigable 
worker, but an outstanding teacher with a great capacity for rousing 
enthusiasm in others, and his pupils are scattered all over the world. 
But he was not only a statistician ; he wrote on other branches of applied 
mathematics and in earlier years edited and completed Todhunter’s 
“ History of the Theory of Elasticity.” This, the well-known “ Grammar 
of Science,” the “ Life of Francis Gallon,” and several of the essays in 
” The Chances of Death and other Studies in Evolution,” fall within the 
field of science. An early little book on the Veronica legend and portraits 
of Christ, and the essays of “ The Ethic of Freethought ” show the scholar, 
historian, and philosopher. Elected a Fellow in 1896, Pearson was 
awarded the Darwin medal in 1898, but never took any active part in 
the general work of the Society. 

Alhied Cardew Dixon, who died on 4 May last at the age of 70, was 
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Senior Wrangler in 1886, Fellow of Trinity, and afterwards Professor of 
Mathematics successively in Queen's College, Galway, and the Queen’s 
University of Belfast. Like most Cambridge mathematicians of what is 
now the older generation, his interests extended over a very wide domain 
in the science, and at different times he published original papers on 
geometry, analysis, dynamics, and the theory of elasticity. Among his 
best-known achievements may be mentioned his theory of the singular 
solutions of systems of differential equations of any order; his papers on 
the integration of partial differential equations; his great memoir of 1901 
on matrices of infinite order — a subject in which he was a pioneer, and 
a subject now of great importance in the last decade on account of 
its applications in quantum mechanics — and the researches of his later 
years on the theory of integral equations and the problems of the clastic 
plate. As a teacher and administrator he was most highly regarded in 
the University of Belfast, which conferred on him the honorary Doctorate 
of Science. After retirement from his chair in 1930, he settled near 
London and took an active part in the affairs of the London Mathe- 
matical Society, of which he was President in 1932-33. 

Sir George Hadcock, a Fellow of the Royal Society since 1918, was 
a man of great charm of manner, and was much liked by all with whom 
he came in contact. 

His extensive experimental work in connexion with the development of 
artillery in all its phases was largely responsible for the present position 
of the science of gunnery and ballistics; and his “Ballistic Tables,” 
published in 1897, were for many years the oflScial tables of the War 
Office to be used in conjunction with the “ Text-book of Gunnery.” 

Hadcock conducted experiments to determine the effect on the resistance 
of thick-walled cylinders to internal pressure, which were some of (he 
first to be carried out in this country; and upon them our present know- 
ledge of overstrain in metals is largely based. 

He was the author of several books and many papers on Artillery and 
Ballistics, and wrote articles on these subjects for the “ Encyclopaedia 
Biitannica.” He also contributed a paper, which was published in 
the * Proceedings of the Royal Society,’ on the “ Longitudinal Strength 
of Cylinders, etc.” 

Professor William Ernest Dalby, Emeritus Professor of Engineering 
in the University of London, died on 25 June, 1936, at the age of 73. 
At the early age of 14 he commenced his practical training at the Strat- 
ford Works of the Great Eastern Railway. Then, having been awarded 
a Whitworth Scholarship, he went to the Crewe Works of the London and 
North-Western Railway. In 1891 he accepted an invitation from 



706 Anniversary Address by Sir William Bragg 

Professor Ewing to act as his assistant and from that time onwards his 
career ran along academic lines. 

After six years with Ewing, Dalby was appointed to a Professorship of 
Engineering at the Finsbury Technical College, where he remained from 1 896 
until 1904, when he was promoted to the Chair of Civil and Mechanical 
Engineering at the City and Guilds College at South Kensington. This 
Professorship of London University he retained until his retirement from 
academic work in 1931. Atlhough Dalby in nowise neglected or belittled 
his duties as a teacher, his interests were mainly concentrated on research, 
particularly research of a practical vanety. His researches were very 
varied and, with the exception of the electrical, dealt with almost every 
branch of engineering knowledge. When at Finsbury the research 
which monopolized his attention was concerned with “ Balancing of 
Engines On this subject he became recognized as the highest authority. 
It was his first love in research and it is the one with which his name will 
continue to be associated by future generations of engineers. Elected a 
Fellow in 1913, he served on the Council during the year 1924. Hard- 
working, conscientious, and conspicuously generous minded in his 
estimate of others, he leaves behind him the pleasing memory of a man 
who without motive invariably gave the best that was in him to the cause 
of engineering science and the betterment of engineering education. 

Richard Dixon Oldham, who died on the 15 July, 1936, at the age of 
78, spent 25 years of his active life of research as a member of the Geo- 
logical Survey of India ; and after his retirement from official work in 
1904 he continued to carry on, with marked distinction, his studies of 
seismology and physical geography. His work in India was mainly 
devoted to the regional geology, and especially the stratigraphy of 
Baluchistan, the Himalayas, Northern Peninsular India, and the Andaman 
Islands. This wide range of field experience qualified him eminently for 
revising the official Manual of the Geology of India, which was published 
in 1893. 

In a paper, published in 1906, analysing the seismographic records of 
fourteen world-shaking earthquakes, Oldham established the existence of 
two distinct sets of deep-seated waves, travelling at different speeds ; and, 
from the way in which the waves of distortion were damped out in depth, 
he deduced the existence of a central core in the earth, four-tenths of the 
radius in thickness, which contrasted in physical properties with the 
external shells. In this way Oldham pointed to the pretty analogy 
between seismic waves as a source of information regarding intra-telluric 
conditions and those of light which, on analysis by the spectroscope, give 
information regarding the composition of the sun’s atmosphere. 
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Oldham was elected a Fellow in 1911 and served on the Council of 
the Society in 1920-21. He was also elected President of the Geological 
Society of London in 1920, and in 1931 an Honorary Fellow of the 
Imperial College of Science in which he received his early training 

Sir Hfnrv Wellcome, head of the great firm of Burroughs, Wellcome 
& Co., died in London on 2S July, at the age of 82. Famous throughout 
the world for his commercial achievements, he attained still greater 
renown for his lifelong interest in medical science, to the promotion of 
which, in one or other of its branches, he devoted most of his energies 
and practically all his wealth. 

After an early training in pharmacy and chemistry in America, where 
he was born, he came to this country and founded with Burroughs, in 
1880, the firm which later passed into his sole control. 

In 1894 in the early days of serum therapy, he grasped the possibilities 
of protective and curative sera and founded the Physiological Research 
Laboratories with the twofold object of bringing serological and bio- 
logical remedies within the reach of medical men and their patients and 
of carrying out researches into the fundamental problems of immunology 
and allied subjects. Two years later he founded the Chemical Research 
Laboratories, and then in 1913 the Bureau of Scientific Research to 
carry out researches in tropical medicine and coordinate the work of the 
various research laboratories and museums he had founded. The 
museums included the Museum of Medical Science depicting modern 
medicine in graphic form and the Historical Medical Museum illustrating, 
by a most extensive and priceless collection of instruments, objects, and 
books, the history of medicine from the earliest times to the present day. 

He built the Wellcome Research Institution in the Euston Road, and 
established the Tropical Research Laboratories in Khartoum. 

He made arrangements in his will for the continuance of his great 
business and of his various research laboratories and museums, all of 
which are now grouped under the name of the Wellcome Foundation. 
Over and above this, residuary profits are also to be devoted for the most 
part to the furtherance of scientific research. 

Dr. Bernard Smith died on 19 August, having held for only ten months 
the Directorship of the Geological Survey of Great Britain and of the 
Museum of Practical Geology, London. He had served on the Council 
of the Royal Society for nearly a year and was chairman of a committee on 
Ordnance Survey Maps. For thirty years he had been a member of the 
Geological Survey. He had been since 1931 Assistant to the Director, 
and in charge of field work in England. 

Smith was essentially a field geologist with a special bias to the study 
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of the relations of physiography to geology. This was well shown by his 
published text-book of Physical Geography, which is in its third edition. 
His principal contribution to British geological science was his inter- 
pretation of the Whitehaven coalfield. This difiicult ground was 
entrusted to him, and a staff of geologists working under his direction, 
in 1920, and the maps and memoirs arc now nearly all published. The 
work maintained a very high standard and solved many problems pre- 
viously little understood. Almost equally important was his investiga- 
tion of the iron-ore deposits of West Cumberland and Lancashire, the 
principal sources of British haematite. 

Smith’s early death cuts short a career of great promise. His ability 
was shown in all his investigations and his judgment was cautious, sound, 
and penetrating. With equal ease he handled a great variety of subjects 
and as a colleague and director he was universally esteemed. Gentle 
and unobtrusive in manner, he won the confidence of his colleagues 
and of the public, and. unspoiled by popularity and success, he exerted a 
stimulating influence on wide /circles of British geologists. 

Henry Louis Lb Chatelier devoted almost the whole of a long and 
active life to physical chemistry in its applications to concrete problems, 
giving special attention in the later years to those of metallurgy. His 
early work on the dissociation of calcium carbonate led him to the 
enunciation of the “ Le Chatelier principle ”, which indicates the influence 
of a change of external conditions on the state of a system in equilibrium. 
This principle has played a great part in the development of physical 
chemistry. His application of the theory of solutions to metallic alloys 
opened up a new field, which has proved very fertile. He was an excellent 
experimenter, and introduced several new instruments, the most important 
of which was the thermo-electric pyrometer, universally used in the 
study of alloys. By his foundation of the ‘ Revue de M6tallurgie ’ in 
1904 he provided a medium for the publication of French researches in 
metallurgy, which has ever since retained its position as a leading technical 
journal. The esteem in which he was held by scientific men of many 
countries was shown by the celebration in Paris of his academic jubilee in 
1922. A graduate of the £cole des Mines, and for many years one of its 
professors, he approached chemistry from the side of a mining engineer, 
and this fact determined his practical bias. Both by his teaching and 
through his important text-books he exerted a great influence on the 
development of chemistry and chemical industry in France. He was 
elected a Foreign Memb^ of the Royal Society in 1913. 

William Johnson Sollas, who was elected a Fellow in 1889, died at 
the age of 87, retaining undiminished his remarkable energy and many- 



Anniversary Address by Sir William Bragg 


709 


sided interest in science. His researches not only illuminated his own 
special province of geology with mineralogy, but also included important 
contributions to zoology and anthropology, even, in his work on the 
Age of the Earth, venturing into the domain of physics. He was educated 
at the City of London School and the Royal School of Mines, and wrote, 
not many months ago, his memories of student days under the inspired 
teacher T. H. Huxley, and of the group of friends who, led by the late 
Dr. William Garnett, migrated to Cambridge. After many years of 
teaching his subject in Dublin, he became in 1897, and remained until his 
death. Professor of Geology at Oxford, where the arrangement and 
great development of the University collections and the deepening interest 
in geological study will be long remembered as the fruits of his occupancy 
of the Chair. 

Sollas was formerly Fellow of St. John’s College, Cambridge (elected 
1882), and became Fellow of University College, Oxford, a few years 
after his election to the Professorship. His election last year to the 
honorary Fellowship of the Imperial College of Science gave him much 
pleasure. He was President of the Geological Society of London 1908-09, 
and was awarded a Royal Medal in 1914. 

Professor George Forbes was a man of great versatility and was 
particularly interested in Physics, Astronomy, and Electrical Technology. 
He was born in 1848. After graduating at Cambridge he was appointed, 
23 years of age, Professor of Natural Philosophy in Anderson’s College, 
Glasgow, which post he held until 1880. One of his chief pieces of 
physical work was a determination of the velocity of light by a modified 
Fizeau method carried out in conjunction with Dr. T. Young and described 
in ‘Philosophical Transactions’ m 1882. The result obtained was a 
velocity of 301,382 kilometres per second. In 1874 he took charge of an 
expedition to Hawaii to observe a transit of Venus. 

When incandescent electric lighting began commercially at about 18S2, 
Forbes came to London to occupy a post in an electric manufacturing 
company and made improvements in arc lamps and electric meters. His 
chief contribution was the introduction of brushes for dynamo machines 
and motors made of hard graphite carbon ; an improvement of general 
utility. When the great project of employing part of the water power of 
Niagara for generation of electric current was started, Forbes was 
appointed to superintend the work of the electric installation and plant 
erection at the site and acted as consulting engineer to the Cataract 
Company carrying out the work. 

Forbes travelled extensively and was a correspondent of ‘ The Times ’ 
during the Russo-Turkish War. He invented a naval gunsight and a 



710 Anniversary Address by Sir William Bragg 

military range-finder and was granted a Civil List Pension in 1931 for 
his services. 

He was elected a Fellow in 1887 and was a Chevalier of the Legion of 
Honour of France and an Honorary Member of the Franklin Institute 
of America. He died at Worthing in October, 1936. 

With the death of William Arthur Parks on 3 October, the Society 
loses a great Canadian and a great scientist. He was born at Hamilton 
and graduated at the University of Toronto, in which he was afterwards 
Professor of Palaeontology. He joined the geological staff of the 
University in 1893, and touched on nearly every aspect of geology during 
his career. His exploration of Northern Ontario broke new ground, and 
his report on the building and ornamental stones of Canada is well 
known. But his favourite subject was undoubtedly palaeontology, and to 
the world outside Canada he will be remembered chiefly for his classical 
work on dinosaurs. He became director of the Royal Ontario Museum 
of Palaeontology in 1913; in 1926 he became President of the Royal 
Society of Canada. He was elected to our Fellowship in 1934. 

Thomas Martin Lowry, Professor of Physical Chemistry in the 
University of Cambridge, died on 2 November, 1936, at the age of 62. 
In his early days he was a pupil of, and an assistant to, Professor H. E. 
Armstrong and laid the foundation of his lifelong studies on optical 
rotatory power by discovering the mutarotation of nitrocamphor and 
the stereoisomerism of a number of halogen derivatives of camphor. He 
traced the mutarotation of nitro-</-camphor to the passage of equilibrium 
of two constitutionally different forms of the substance, and showed that 
the rate of change of the one form to the other could be influenced by the 
addition of traces of catalytic agents. By much careful work he estab- 
lished that the presence of an amphoteric agent is a factor in bringing 
about the isomeric change. Thus, whilst the mutarotation of tetra- 
methyW-glucose can be arrested in the hydroxylic solvent, cresol, and 
the basic solvent, pyridine, it proceeds very rapidly in a mixture of these 
two solvents. On the basis of this and much other work, Lowry founded 
his now well-known theory of prototropy, according to which the migration 
of a hydrogen ion, in compounds such as nitrocamphor and the sugars 
depends on the addition and removal of a proton at opposite poles of the 
molecule. It is largely due to Lowry’s work that the conception of 
dynamic iosmerism advanced by van Laar became generally accepted. 

Concurrently with his chemical work on mutarotation, Lowry took 
up the study of optical rotatory dispersion which had been much neglected 
since the death of Biot in 1862 ; he demonstated the validity of Drude’s 
equation for simple substances and showed that it also covered the 
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anomalous' rotatory dispersion of ^-tartaric acid and the tartrates. This 
work formed the subject of the Bakerian Lecture given by Lowry and 
Austin in 1921. His later very precise determinations of the rotatory 
power of quartz in the visible and violet provided valuable data by which 
the validity of the Drude equation was further extended. 

Lowry later extended his studies of the rotatory power of transparent 
media to that of absorbent media, namely of the Cotton efTect, and was 
able to develop equations which are adequate to express the dispersion 
throughout the absorption band. Whilst occupied with the study of 
optical rotatory power, Lowry carried on parallel lines of research ; his 
earlier verifications of Drude’s equations were combined with corre- 
sponding measurements of magneto-rotatory dispersion and, in his 
search for possible relationships between diverse optical phenomena, he 
carried out a series of investigations on the refractive dispersion of organic 
compounds. 

The Council’s Report for the year is now in the hands of the Fellows. 
I propose to refer to one or two of its statements. 

In the first place we are all happy to read in it the gracious letter which 
we have received from His Majesty the King, intimating his consent to 
become our Patron, and his pleasure in continuing the long-established 
connexion between the Crown and the Society. 

It is also a source of gratification to the Society that His Majesty has 
promised to continue the annual grant of two Royal Medals. 

Three magnificent gifts have been made during the last few months for 
the furtherance of research in this country. In May it was announced 
that Lord Austin had placed a quarter of a million sterling at the disposal 
of the University of Cambridge to be devoted to the work of the Cavendish 
Laboratory. More recently still Lord Nuffield has presented to the 
University of Oxford two millions for post-graduate research in medical 
science. This afternoon the Council of the Royal Society has accepted 
on behalf of the Society a principal share in the responsibility for 
the administration of a sum of £200,000 bequeathed by the late Mr. 
H. B. Gordon Warren. The interest of this money is to be applied to 
the encouragement of research in metallurgy, engineering, physics, and 
chemistry. The administering committee is to consist of eight members 
appointed by the Society and two by the Governors of Williams Deacon’s 
Bank. 

These great gifts are naturally a source of deep satisfaction to the 
Fellows of a Society which was founded for the purpose of “ Improving 
Natural Knowledge”. The givers are men who are or have been 
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engaged in industry: which fact is itself a source of gratification. It is 
good to see that practical affairs are in accord with the realization of the 
vital importance of research. 

Lord Nufheld’s gift recognizes the value of research for the prevention 
and cure of disease. The obvious success which has already been 
attained in this way is sure ground for the expectation of further benefits 
commensurate with the magnitude of the new effort. Lord Austin’s 
gift is for the promotion of investigations which are at the time devoted 
mainly to the abstruse problems of the atomic nucleus. The terms of 
Mr. Gordon Warren’s bequest suggest a more immediate contact with 
industry. 

Thus these benefactions differ widely in respect to their immediate 
purposes : but they all acknowledge the same principle, that the improve- 
ment of Natural Knowledge is essential to the general welfare. As for 
our Society, it is the basis of its Charter and the reason for its existence. 

The capital value of the funds administered by the Society, if we include 
in them the Warren bequest, is now more than a million sterling. In this 
amount is also included the bequest of about £40,000 by the late Sir 
Joseph Petavel, to which reference is made in the Report of the Council. 
By far the greater part of the money has been received within the last 
twenty years. In 1828 Dr. Wollaston founded the Donation Fund, the 
first f^und of which the income was to be devoted to research ; the 
amount was about £3400. By the beginning of this century there were 
several such funds, the combined income of which was £1375. In 1912 
the total income had risen to a little over £2000 a year. Then in 1919 
began a period of large donations. First came the Foulerton Gift and 
the Foulerton Bequest. The Messel bequest was received in 1921. The 
Yarrow and the Mond Funds came in 1923, the Medical Research Fund 
in 1924 and 1925. To these the Warren bequest has to be added. In all 
the Society now directs the expenditure of about £31 ,000 a year on research. 
The direction makes a considerable demand upon the time and energies 
of Fellows, and it is a pleasant duty to acknowledge their willing and 
able service on numerous committees. 

The use to be made of these moneys is to a considerable extent limited 
by the terms of the respective trusts. Nevertheless, there is ample 
opportunity for a general policy at the discretion of the Society. It is 
natural and right that special emphasis is laid upon general or funda- 
mental research, so far as donors’ wishes allow; and indeed the terms in 
which the donors have expressed themselves are favourable to research 
of that kind. 

It is to be observed that many other bodies possess funds which are 



713 


Anniversary Address by Sir William Bragg 

administered for similar purposes. In a list published by the Royal 
Commission for the Exhibition of 1851, the Commission itself takes 
place as one of the oldest, and the Lcverhulme Trust as one of the newest. 
The list includes such well-known names as the Carnegie Trust, the Halley 
Stewart Trust, the Beit Memorial Fellowship Trust, and others City 
companies are also to be found there. The Improvement of Natural 
Knowledge follows also on the activities of many bodies that have specific 
applications in view. Each branch of the Defence Services maintains 
its own research laboratories ; so do the Medical Research Council, the 
Department of Scientific and Industrial Research, the Agricultural 
Research Council, the Post Office, and so on. 

Still more closely concerned with the direct applications of Natural 
Knowledge are the laboratories of the country's industries. Many of 
these are of great and established reputation. On the whole, the industrial 
laboratory is some way from being as frequent a factor in industry as it 
ought to be, but undoubted progress has been made in recent years. 

This brief enumeration of some of the agencies making for the improve- 
ment of natural knowledge will serve as a reminder that the sum total of 
the work done in this direction is very large. It may fall far short of 
what is to be hoped for, but it forms an agency which begins to acquire 
a certain coherence, something which can be viewed as a whole and 
considered in respect to its character and its effects. It is beginning to 
find itself, like Kipling’s ship. 

An immediate and obvious effect is the increase in the volume of 
published results. The pubhcations of scientific societies have doubled 
and trebled in size; and their treasurers are in many cases hard put 
to it to meet the consequent additional expense. Numerous industrial 
publications also contain records of special investigations. There is 
every reason for satisfaction with the increase in natural knowledge which 
has followed on the encouragement of research. 

In certain respects, at least, the application of the knowledge acquired 
is also satisfactory, though judgment on that point will vary according 
to the position of the observer in a very large field. There are obvious 
improvements in the health and general well-being of the nation, in its 
industries, in the strength of its trade, and in its powers of defence; and 
these are matters of primary importance. Though they may be no more 
than means to an end, they and the appropriate application of knowledge 
are a first consideration. 

To such applications every kind of research may contribute ; for even 
those who would have it that Science must be followed without thought 
of its usefulness must admit that it has to be very pure Science indeed 
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which only meets with its application, as a straight line meets its parallel, 
at infinity. In general the encounter may be expected to come so soon 
that its effect has a present importance, and must be taken into account. 
The individual member of the Society may keep his thoughts and his 
experiments within an isolated region, and so contribute what is due from 
him as a Fellow. But the Society as a whole must take the wider view, 
and watch constantly the relations between scientific advance and the 
people who are affected by it. It accepts these responsibilities when it 
undertakes to administer the great sums that have been entrusted to it. 
In the early days of the Society the Fellows recognized duties in these 
respects, as the records of their Transactions show. Many of the 
Founders occupied important positions in the State and their science 
bore directly on the needs of the nation. Throughout the three centuries 
of Its existence, the same ideals have encouraged the activities of the 
Society. At some times they have been less effective than at others, but 
their general purpose has never been blurred. The whole of the work of 
the Society is therefore an important part of a general effort to improve 
natural knowledge in the expectation of resultant benefit. 

Another consequence of that effort deserves especial consideration. 
The increase of knowledge and its applications arc, each in its own way, 
worth working for At the same time there should follow, and does 
follow, an increase in the quality and quantity of men who can add to 
knowledge and use it; also, it may be hoped, an increase in the number of 
those who realize its effectiveness. This is an exceedingly important 
point. It might seem unnecessary to observe that the resources which 
a nation possesses are of no use unless there arc the foresight and the 
skill which arc needed to make use of them. Yet a nation as a whole 
might fail to act on a principle to which its individuals would give a 
ready assent. The principle has to be stated plainly, so that it may be 
widely understood. One of the greatest assets of a nation is the presence 
within it of men who are quick to apply the knowledge of the time to the 
needs of the time. There are many varieties of such men. There are 
the handicraftsmen, whose skilled fingers are guided by intelligence; 
such skill IS steadily increasing in this country, though the contrary 
is often asserted. There arc those who can assemble and combine 
materials for a given purpose, and there are others who can seize upon the 
broad consequences of a new discovery and choose the right moment for 
setting the old to one side. History has shown many times how the 
fate of a nation may depend upon its capacity to use the knowledge and 
the materials at its disposal. One may be reluctant to draw examples 
from the catastrophe of the Great War, but in its heated atmosphere 
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developments came quickly to maturity. During its course engines and 
devices of all sorts came into being which, before the war began, had 
never been thought of seriously, if at all. Such were tanks, paravanes, 
sound ranging, wireless telephony, aeroplanes, and a thousand con- 
trivances in every section of the war on the ground, under the ground, on 
the sea, under the sea, in the air. Their invention and development would 
not have been possible if there had not been the men for the work. It 
was fortunate that the nation also possessed a body of young men — 
chemists, physicists, engineers, biologists — trained in the laboratories 
of universities, technical schools, polytechnics, and so on, and in industrial 
workshops who were able to understand and work with the new devices. 
I doubt if the value of those trained young men has ever been fully 
realized. If, unfortunately, another great war broke out, the devices of 
to-day would surely be modified or superseded during its course, and 
the process of development would begin all over again. Provided that 
the defence withstood the first shocks, the men with knowledge of materials 
and skill in using them would be in demand as before. 

Though war times may furnish the more obvious examples, the develop- 
ments of peace follow the same road, at a slower pace. The major 
industries of this country have owed their advance in part to the national 
resources and to political relations, but largely also to the skill of the 
country’s scientific and technological workers. The electrical trades 
depend largely on discoveries which these have made and been quick to 
use. The same may be said of her metallurgical work, of her shipping 
industry, of her business in textiles, of the dye industry in which she has 
now taken a position which might have been hers from the beginning. 
The battle for the health and the nutrition of the nation depends for its 
success upon the same qualities. This becomes continuously more so 
as natural knowledge increases, and its technical use requires a more 
intelligent craftsmanship. 

Many a similar instance might be drawn from past history. But the 
past differs from the present in this, that the knowledge then to be drawn 
upon was scantier and far less abstruse. It was related to the technical 
skill of the workshop rather than, as now, to the science of the laboratory. 
The agencies of change were such as the discovery of cast iron, the 
invention of printing, the design of the ocean-going chronometer, the 
eighteenth-century additions to the loom, and so on. To-day great 
matters turn upon the complicated physical science of the wireless valve 
or the intricacies of the internal combustion engine, or the highly-skilled 
chemistry that brings assistance to medicine or the combination of physics 
and chemistry, biology, and engineering involved in the preservation of 
food. 
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From this point of view the suggestion sometimes made that scientific 
workers might take a holiday looks more ridiculous than ever. No 
nation could afford such an intellectual disarmament in the face of the 
world ; nor could the world itself in face of the evils that are to be over- 
come. 

The position of the men, and especially of the younger men, who are 
encouraged by these financial aids to devote the most ingenious years of 
their life to scientific research must be considered by those to whom the 
ordering of their lives is due. Some of the most brilliant young men in 
the Empire are selected for a specific purpose, which purpose they un- 
doubtedly fulfil. Good work is done, and when it is finished a fine and 
most useful type of man is available for further service. In a great number 
of cases the satisfactory opportunity of further service presents itself. 
But it is not always so. It is possible to find a man living on income 
derived from one Research Trust after another until he ceases from age or 
other limitations to be eligible for further aid. His work may have been 
excellent, and his competence as great as ever, but he finds that he must 
look in some new direction for his living. Academic activities may be 
no use to him, nor he to them. His occupation has led him up a blind 
alley. I am told that there is a certain tendency for men who have been 
employed in industry as research workers to change over, when possible, 
to purely administrative work which is expected to be more lasting and in 
the end more remunerative. There is here a hint as to the true cause of 
the trouble. The blind alley should be a thoroughfare leading to occupa- 
tions more suitable to the men and better fitted to get the best out of 
them. It is obvious what these occupations are. They arc places of 
responsibility to which specialists in science arc as yet but rarely admitted. 
There is an encouraging beginning, but it takes time to realize that the 
man who is in touch on one side with the growth of natural knowledge 
should be in close touch on the other side with the opportunities of its 
application. He should be an equal in the council chamber rather than 
a subordinate in the waiting-room. On the other hand, the scientific 
expert must himself help to take down the barricade that makes the alley 
blind. This requires that his education should be much more than 
sufficient to make him only a laboratory man ; which brings us back again 
to the very important point that the man himself must be as much the 
care of those who give him research work to do as is the work which 
they set before him. Obviously, the more complete the equipment of the 
man, the better the chance that he will make his way, and the wider his final 
influence. The bodies that administer research funds are already be- 
ginning to consult each other for the sake of better efficiency in the choice 
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and direction of workers. As this becomes more general, there will 
surely be an effort to take a wider view of the responsibilities which the 
magniiicent generosity of public men has placed upon them. 

V 

Reference is made in the Report to a plan of research on malaria in 
India. I think that 1 may well amplify the reference by describing rather 
more fully the proposals of Council in respect to Indian Medical Research, 
particularly as they involve the adoption of a special policy. 

In 1924 the Royal Society received a legacy of £10,000, and in 1925 
£28,108 19.S. 6d., being part of the residue of an estate, for the prosecution 
of original research in medicine, for the prevention of disease and relief 
of suffering, with special reference to tropical diseases in British Posses- 
sions. There are particular reasons associated with the gift for connecting 
its use with India. Council decided at its meeting on 9 July that the 
whole income, together with the invested income, shall be employed for 
five years (i.e., until 31 October, 1941) as follows : 

A. — Malaria research — It decided to offer to Colonel Sinton, I.M.S., 
a stipend for five years to enable him to work at the Horton Centre on 
certain aspects of malaria. The Horton Centre will be under the control 
of the London School of Hygiene and Tropical Medicine, and unique 
opportunities will be available there for clinical study, for observations 
on the malaria parasite in man and Anopheles, for investigation of the 
serology and immunology of malaria, and for chemo-thcrapeutic testing 
and experimentation on the human subject Colonel Sinton is now, and 
has been for many years, actively engaged in malaria work in India. 

B. — Experimental studies on the ecology of certain species of Anopheles— 
Where the control of malaria is successful it is nearly always achieved by 
measures directed against Anopheles. A detailed plan has been suggested 
by the London School of Hygiene and Tropical Medicine, by which a 
young man experienced in modern experimental zoology should be given 
opportunity for 12 to 1 8 months, at that School, to learn about mosquitoes 
in general and the Oriental species of Anopheles in particular, and should 
undertake experimental work in the physiology and behaviour of 
A. maculipennis. He should then be sent for to 3 years to an appro- 
priate centre in India to carry out a programme connecting malaria with 
the behaviour of Anopheles. Council was informed that for the tropical 
portion of the scheme part of the cost could probably be met by the 
London School of Hygiene and Tropical Medicine. Assuming that this 
is the case, it decided that a sura up to £3,750 be offered provisionally, 
over a period of five years, to finance the project. A suitable investigator 
has been appointed in Mr. Muirhead Thomson. 
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C . — Nutrition in India — ^The existence of widespread malnutrition in 
India is beyond dispute, but more detailed and intimate information is 
required as to its incidence and effects. Council decided that 
Dr. C. Wilson should be offered a research grant for ohe year in the first 
instance, with possible extension for two more years, to enable her to make 
a survey of the nutritional condition of Indian families and to draw up a 
report. A study of the incidence of malnutrition among school-children, 
an investigation of dietary habits, an assessment of the value of foods in 
common use, etc , would be made in collaboration with the Indian 
Research Funds Association and with Dr. Aykroyd, its Director of 
Nutrition Research. Dr. Wilson will be able, if necessary, to work for 
only part of the year in India, returning to England to carry out a statistical 
and experimental analysis of her results. One of her objects while in 
India will be to build up and train a small body of collaborators by which 
the work will be aided and perpetuated. 

The total estimated cost of the three schemes, over a period of five 
years, is £8,550. The Council of the Royal Society believes that by a 
far-reaching plan of this character, involving work of three different kinds 
all bearing on health in India, its Medical Research Fund can be better 
employed than by small grants made from time to time for worthy but 
minor purposes. It could make good use of far more substantial funds 
on analogous lines. 

Reference is made in the Report of Council to the decision in the 
matter of the Postal Ballot; this required the invocation of a curious 
provision contained m our ancient Charters. We were directed, in cases 
of a difference which we could not settle ourselves — and in this instance 
our legal advisers had been unable to settle it for us — to call in the 
services of certain High Officers of State, This we did, and the officers 
in question responded promptly, taking, I believe, no little interest 
in this ancient direction and its present application. We are greatly 
in their debt for their very kind assistance. 

The great increase in the amount of material to be published has 
brought with it certain serious inconveniences. It has always been the 
practice of the Society to scrutinize with great care all papers submitted 
to it. Fellows have been ready to undertake this task, though, as we all 
know by experience, the labour involved is serious. Three times as 
many papers have now to be examined, as compared with a few years 
ago, and there has been no material increase in the number of those are 
are available as referees. It is not surprising that men who lead busy lives 
find it difficult to attend promptly to the work which they are asked to do, 
especially as the intricacies of modern science may make it necessary for 
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a referee to devote days to any one paper. If there is much delay, there 
is disappointment at the tardy publication of matter which the writer 
naturally thinks ought to appear at once. 

The Council has considered this matter carefully, and has come to the 
conclusion that m the great majority of cases the summary of a paper 
might be set up in type and distributed within a very few weeks of its 
receipt, without waiting for the verdict of the referees on the paper as a 
whole. A Fellow who communicates a paper will, of course, take the 
responsibility for the summary. The reading of the paper and its 
publication will follow in due course, as the responsible committees 
advise, on receipt of the opinions of the referees. 

Three years ago Sir Gowland Hopkins in his Presidential Address 
spoke with admiration of the work of the organic chemist and in particular 
of the “ emergence of power to grasp the architecture of complex invisible 
entities such as organic molecules and the ability to construct them at 
will ”. He told how under modern methods of investigation the picture 
which the chemist had formed of the invisible molecule had actually 
taken shape. His picture-making had been amply justified. His stereo- 
metry was not, as some thinkers had maintained, to be swept away in 
favour of a mathematical symbolism. 

This anticipation has been fully realized during the last few years, 
mainly through the remarkable increase in the accuracy with which the 
structure of molecules, molecular aggregates, and solid bodies in general 
can be determined. For this the methods of X-ray analysis of crystalline 
structure have been largely responsible. Moreover, other methods have 
been greatly strengthened by the example set by X-ray analysis and by 
its reactions upon themselves. Optical, electrical, magnetic, and other 
properties have been successfully studied with the same great purpose, 
viz., the correlation between the properties of a substance and the spatial 
arrangements of its components. 

While the X-ray methods have been mainly useful in describing the 
arrangement of the atoms in assemblages surrounded by others of like 
nature and conditions, the methods of electron-dilfraction are giving a 
remarkable insight into the modifications of arrangement that are to be 
found on surfaces. The extraordinary interest of such knowledge arises 
from the fact that natural processes so largely depend on surface actions. 

For many years after its inception the X-ray analysis was, as might be 
expected, engaged in trying its own powers and learning how to apply 
them. It cleared up many structural problems on which older methods 
had little to say that was definite, as, for example, the distinction between 
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ionic, metallic, adamantine, and molecular compounds. Many crystal- 
line structures were determined, and the results, as is well known, have 
been serviceable in a wide field of scientific research, and in many indus- 
trial processes. The methods of analysis, the technique, and the inter- 
pretation of results have been greatly improved, as might be expected, 
by the researches of many hundreds of workers. The increase in accuracy 
is so great that new possibilities of usefulness come into view. 

The improvement appears in two ways. In the first of the two, the 
measurements of the dimensions of the unit of pattern of a structure can 
now be made to one part in several thousand. Consequently, the deter- 
mination of the electron charge e, made by the X-ray method, can stand 
beside the older determinations of the oil-drop method. There is a 
persistent discrepancy of about one part in two hundred, the former giving 
the value 4-80 x 10 the latter 4*77 x 10 “; but it is clear that the 
larger value is at least as near the true value as the smaller. A full dis- 
cussion of the X-ray method is given by Compton and Allison in their 
recent book on X-rays ”, and a critical examination of some outstanding 
points IS made by du Mond and Bollman (‘ Phys. Rev.,' September, 
1936). 

Again, as has been observed by Bernal, the use of high-precision deter- 
minations of the lattice constants of metals will soon become the most 
reliable gauge of purity of a metallic element. Accuracy has here been 
pushed to one or two parts in forty thousand. Again, the phase bound- 
aries of an alloy can be very closely and conveniently defined by observa- 
tions of such a character Accuracy has been of great importance to the 
well-known work of Hume Rothery on alloy structures, and to the 
curious and very important relations between order and disorder in 
alloys which have been specially studied at Manchester. 

The accuracy with which the position of each atom in the unit cell can 
be measured is of quite a different order. Thanks in particular to the 
use of Fourier analyses by J. M. Robertson and others, the distances 
separating the atoms, centre to centre, can be found to about 1%, even 
when the complicated molecules of organic crystals are under examina- 
tion. This is a great advance on the possibilities of even a few years ago, 
and it has important consequences. In particular, fresh light is thrown 
upon the problem of the chemical bond. At one time, single, double, and 
triple bonds were considered to be distinct and definite phenomena. The 
tetravalency of carbon, for example, was described as an assemblage of 
four equal powers of combination, of which one or more might be 
exercised in the same direction. When the diamond structure was found 
by the X-ray methods, it was no matter of surprise that the four separate 
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single bonds were displayed in the attachment of each carbon to four 
neighbours. In the structure assigned by the chemist to benzene, the 
fact that each atom had but three neighbours presented difficulties; 
various the 9 ries have been suggested in explanation, mostly little more 
than different ways of drawing diagrams, in which four single bonds were 
made to act somehow. In recent years, it has been more usual to propose 
that bonds may alternate between single and double, and that the tetra- 
valency of carbon in the benzene ring is satisfied because three of the six 
links are double and three single, the two kinds alternating both in time 
and in order round the ring. The conception can be extended to cases 
much more complicated provided that the two forms between which 
alternation occurs do not differ much either in form or energy The 
effect is described as one of “resonance”, a term due to Hund but 
applied to organic chemistry mainly by Pauling and his collaborators. Its 
bearing on structural chemistry was discussed by Sidgwick a few months 
ago in a presidential address to the Chemical Society. 

When substances in which this “ resonance ” is supposed to occur are 
examined by the X-rays, it is found that the actual centre to centre distance 
of two atoms connected by alternating a link between single and double 
is characteristic of neither of the two extremes. These last two arc definite 
quantities, and the length of the varying link lies between them. An actual 
link is rarely a pure single or double or triple link Pauling and Sidgwick 
both discuss a number of cases in which the centre to centre distances 
can be correlated with a probable or possible amount of resonance. An 
excellent example is furnished by oxalic acid which was examined by 
Zachariasen in 1934, but has just been remeasured by Robertson, using 
the powerful Fourier method of analysing the observations. The distance 
between the carbon atoms is I *43 A. The length of the single link of 
<liamond is 1-54 A. The length of a double bond is very nearly 1-33 A. 
It might seem that in oxalic acid the link is actually more nearly double 
than single; but this is not so. A small proportion of double linking 
seems to shorten the distance considerably. For instance, each link in 
the hexagonal network of graphite must be two-thirds single and one-third 
double, yet its length is 1 41 A. In benzene, the half-and-half arrange- 
ment (following K£kul6) is correlated with a length of 1-39 or 1 -40 A. 
Thus the actual length of a bond may prove to be a safe indication of its 
nature. Robertson points out that the oxalic acid molecule is always 
planar, which may be accounted for on the ground that rotation is 
restricted round a link which is even partially of a double character. 

It has recently been shown by Bernal and Megaw (‘ Proc. Roy. Soc.,’ 
A, vol. 151, p. 384 (1935) ) that in all probability there are two types of 
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bond linking oxygen atoms through intermediary hydrogens. The one is 
the “ hydrogen bond ” ; it is found, for example, in acids, and it corre- 
sponds to a separation distance, oxygen to oxygen, of 2-55 A. The 
other IS the hydroxyl bond ; it is found in a number of hydroxides, and 
Its length is about 2 • 8 A. By the use of this conception it has been found 
possible to locate the positions of the hydrogen atoms in several hydroxide 
structures, particularly in the clayey mineral hydrargillite. The oxalic 
structure of Robertson seems to supply a new and interesting example 
of the difference between the two kinds of bond. One of the oxygens at 
each end of the oxalic acid molecule is bound to a water molecule in the 
crystal by a link 2 -87 A. the other by a link 2-52 A. 

^ It has been pointed out (Frickc, ‘ Koll. Z.,’ vol. 69, p. 312 (1934) ) that 
the linking up of hydroxyl bonds explains the properties of the gels that 
are formed by neutral hydroxides. 

These few examples may serve to show how improvements in the 
technique of X-ray analysis are sharpening a tool which has already been 
of assistance to research in many directions and now seems to be acquiring 
a new usefulness. 

The chemist has already shown that the properties of the molecule 
depend on the internal disposition of its atoms. The characteristics of 
the solid state depend also on spatial relations, and m a manner which is 
even more complicated, much more complicated than in the case of the 
independent molecule. Accurate measurement of the spatial arrange- 
ments lays a firm foundation for the study of the properties of a substance 
in relation to its structure and its composition. The problems to be solved 
are, of course, extremely complex, but it is surprising how much can be 
done towards the examination of intricate molecular associations when 
the spatial relations between the most commonly occurring atoms are 
known. This applies, for example, to the study of the proteins which has 
already gone far; to the clays, and to the glasses and other extended 
structures. At one time it seemed hopeless to expect to learn much of the 
structure of bodies which were so irregular as to give no sign of crystal- 
linity. But it is now possible to work from the regularity in occurrence of 
a few definite separation distances, even when regularity in orientation 
does not exist : and methods have been devised by which these distances 
can be determined by the X-ray methods. 

It is clear, I think, that the stereometry which the chemist has developed 
so successfully is acquiring new powers which will have the widest 
applications. 
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Awards of Medals, 1936 

Sir Arthur Evans is awarded the Copley Medal. He is the leading 
British authority in classical archaeological studies ; from his father he 
inherited a predilection for numismatics, a subject to which, in his earlier 
years, he made contributions of outstanding importance. His researches 
in Crete from 1893 onwards resulted in the discovery of the remains of 
a civilization which he named Minoan after the Sea-King, Minos. He 
traced the development of the Minoan civilization from approximately 
3200 to 1400 B.C., from the late Neolithic through the Bronze Age. 
His Cretan work, published in six volumes — “ The Palace of Minos 
has revolutionized our knowledge of the ancient history of the Near 
East. 

The Rumford Medal is awarded to Professor Ernest George 
Coker, who has devoted a lifetime to the investigation of stresses in 
solids by means of polarized light. The original effect was discovered 
by Brewster m ISIS, and Brewster himself suggested that the effect might 
be used for the direct exploration of stress. But although many physicists 
since Brewster’s time investigated the effect, no one, until Coker came, 
developed a practical method enabling stresses in a model to be actually 
traced. Coker not only applied to such researches a material, celluloid, 
not hitherto employed and capable of being cut to any shape, but he was 
the first to devise a reliable instrument (the lateral extensometer) for 
measuring at any point the sum of the principal stresses, which is not 
directly given by the optical results. In many other ways he made very 
important improvements in methods of observation, and he has, in fact, 
created a new technique and given the engineer a new instrument of 
discovery. His work is only now beginning to be recognized and taken 
up by the engineer; it is not too much to say that photo-elasticity will 
do for engineering what the application of spectroscopy has done for 
astronomy ; the two cases are somewhat analogous, in each a previously 
known physical effect has been applied to explore a whole field of new 
facts. 

Coker’s first paper on this subject dated from 1910; since then he has 
published, either alone or with pupils and colleagues, some 50 or 60 
papers, in which he has applied the method to almost every important 
engineering problem which can be approximated to on two-dimensional 
lines. In the course of this work not only has he cleared up a vast 
number of problems and difficulties, but he has rendered a great service 
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to applied mathematics, by demonstrating to the engineer the substantial 
accuracy of the results of the Mathematical Theory of Elasticity. 

Coker's work fulfils admirably the condition laid down for the Rumford 
Medal which says that the discoveries for which it is awarded should be 
such as “ tend most to promote the good of mankind The results 
obtained by photoelasticity in such subjects as the stability of dams and 
the strength of aeroplane frameworks will certainly be the means of 
saving many lives. 

Moreover, Coker has created a world-wide school : to his inspiration is 
largely due the modern development of photo-clastic laboratories in 
Japan, the United States, Belgium, Switzerland, and Russia, and many 
of the leading workers in these laboratories have started their researches 
under his auspices and have remained in touch with him ever since. 

A Royal Medal is awarded to Professor Ralph Howard Fowler. 
His general theory of statistical mechanics, his later applications of it to 
the equilibrium of mixed crystals and to a theory of semi-conductors arc 
of outstanding importance. His paper on dense stellar matter contains 
the first working out of the properties of a degenerate electron gas, and 
those on the internal conversion of y-rays and on thermionic emission 
and stray field emission of electrons from metals were fundamental. 
His work on the theory of the photo-electric effect, especially as a function 
of temperature, led to a rational means of analysing emission frequency 
curves, which enables one to determine the true threshold frequencies. 
His work on the quantum theory of energy exchange between gases and 
solids broke new ground. Further, he has made notable contributions 
to the theory of the photo-electric current in semi-conductors, and has 
made notable contributions in recent years by his adaptation of wave 
mechanics, as it has been developed, to the solution of problems actually 
under investigation by groups of experimentalists working in close 
association with him. 

A Royal Medal is awarded to Professor Edwin Stephen Goodrich. 
He IS distinguished for his long series of researches on the Comparative 
Anatomy, Embryology, and Palaeontology of Invertebrates and Verte- 
brates, which have thrown light on some of the most fundamental prob- 
lems of Animal Morphology. His work on the excretory organs of 
Annelids and of Amphioxus resulted in a new conception of the nephridia 
and their relation to the coelom and coelomoducts. His memoirs on 
scales of fishes and on the median and paired fins threw fresh light on the 
classification and phylogeny of fishes and on the evolution of the verte- 
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brate skeleton. His contributions to our knowledge of the segmentation 
of the vertebrate head are recognized as of the first importance. His 
volume on Cyclostomes and Fishes in Ray Lankester’s “Treatise on 
Zoology ” and his more recent book, “ Studies on the Structure and 
Development of Vertebrates,” are masterly and original contributions 
to the subject of comparative anatomy. All his writings arc distinguished 
by breadth of view, clarity of thought and expression, and mastery of 
technical methods. In the opinion of many he is the outstanding morpho- 
logist of our time. 


The Davy Medal is awarded to Professor William Arthur Bone, 
who has had a wide and varied experience in the main branches of 
chemical science for a period of well over forty years and has by his masterly 
grasp of experimental technique made many discoveries and inscntions 
of great scientific significance. 

His early work on the alkyl substituted succinic acids and allied sub- 
stances, which furnished a valuable chapter in synthetic organic chemistry, 
was speedily followed by more fundamental researches on the thermal 
decomposition of hydrocarbons and their oxidation products and by 
quantitative studies of hydrocarbon combustion. The latter researches, 
which occupied him for many years, were admirably summarized and 
illustrated expenmentally in his Bakerian lecture of 1932. The evidence 
collected during these prolonged and systematic investigations, devised to 
include a great variety of experimental conditions of slow combustion 
and detonation, was overwhelmingly in favour of the hydroxylation 
theory of the combustion of hydrocarbons. 

His study of the direct union of carbon and hydrogen led to a synthesis 
of methane from its elements. These researches on gaseous hydro- 
carbons and their oxidation products necessitated accurate gas analyses, 
and reference should be made to his improvements in the laboratory 
apparatus required in such determinations. 

The closely related problem of flame movements in mixtures of burning 
or exploding gas has been submitted by him to exhaustive examination 
with improved methods, which made it possible to observe for the first 
time some striking characteristics of this phenomenon. 

On the subject of catalysis, his contributions are of especial interest and 
importance. Thus he has recently demonstrated by a variety of con- 
vincing experiments that carbonic oxide and oxygen will unite in the 
gaseous phase in the absence of moisture. At an early stage in his career 
Bone adopted the now almost universally accepted view of the general 
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nature of contact catalysis to interpret experiments on the interaction of 
hydrogen and oxygen. 

In collaboration with many colleagues and students, Bone has investi- 
gated the difficult problem of the chemistry of coal and has applied new 
physical and chemical methods of identifying the constituents of this com- 
plex material. The benzenoid constitution of coals of widely different 
geological ages and maturity was demonstrated by oxidation experiments 
which furnished a complete series of the polycarboxylic acids of ben- 
zene. In this field of chemical research, which is undoubtedly of the 
utmost importance to all coal producing countries, Bone will always be 
regarded as a pioneer. 

The Darwin Medal is awarded to Dr. Edgar James Ali.fn, who for 
the past forty-two years has been Director of the Laboratory of the Marine 
Biological Association at Plymouth. Under his wise guidance the institu- 
tion has risen from small beginnings to the premier position which it 
holds to-day. 

Allen has made many notable additions to our knowledge of marine 
biology, dealing with such diverse subjects as the nervous system of the 
lobster, faunistic studies of estuarine and other areas, systematic work on 
the Polychaeta, the genetics of Gammarus, and contributions to fishery 
science. He initiated exact work on the association of bottom faunas 
with the nature of the deposits and has published valuable papers on the 
artificial culture of phytoplankton, in which he was one of the earliest to 
obtain successful results. Many years ago he followed the chain of 
events leading from sunshine and inorganic constituents of sea water, 
through phytoplankton and zooplankton to food fishes, making some of 
the first contributions to a subject which has since shown most striking 
developments. 

When the International Fishery Investigations began, Allen undertook 
the English share of the work, which was then based on laboratories at 
Plymouth and Lowestoft . after the war the Lowestoft laboratory branched 
off and became the Government centre for economic fisheries investiga- 
tions. He has been closely associated with the International Council 
for the Exploration of the Sea from its earliest beginnings. The organiza- 
tion of the work on water pollution, carried out by the River Tees Survey 
Committee, owes much to his initiative, and he is a member of the Com- 
mittee dealing with similar problems in the River Mersey. He received 
the Hansen Memorial Medal and prize at Copenhagen in 1923 and was 
the Linnean Medallist in 1926. 

Much of Allen’s work has been directed to the study of evolution. 
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The Hooker lecture, which he delivered to the Linnean Society in 1929, 
deals with the origin of adaptations, and his presidential address to Section 
“ D ” of the British Association in 1922 is again concerned with the 
evolution of life in the sea. 

Throughout his long term of olTice at Plymouth, he has been the 
inspiration of the workers at the laboratory, and the success of his labours 
is shown by the high quality of the research which has been carried out 
under his direction. Many discoveries of fundamental importance have 
been made and, one after another, new methods of oceanographic research 
have been worked out, to be adopted at once by fishery departments and 
marine biologists in all parts of the world. 

The Hughrs Medal is awarded to Dr. Walter Schottkv of the 
Central Laboratory of Siemens & Halske, Berlin. He is best known by 
his contributions to the fundamental theory of thermionic emission. One 
of his investigations led in 1914 to the formulation of a theory of the 
effect of an electric field at the surface of a hot conductor upon the emission 
of electrons ; another led to the discovery of the “ Schrot ” effect, which 
attributes certain variations in a thermionic discharge to random emission 
of individual electrons. He also discovered the so-called “ temperature 
effect ” in ordinary conductors of electricity, which he traced to the thermal 
agitation of the molecules. Further, in the early days of the subject, 
he made valuable contributions to the theory of space charge in vacuum 
tubes. 

Apart from these mathematical contributions to our knowledge of 
principles, Schottky has added very greatly to engineering progress in 
most branches of wireless telegraphy. In particular, he invented the 
screening grid valve which has everywhere superseded the tnode valve 
in the high frequency amplifiers employed in receiving broadcast signals. 
He is also the inventor of the method of superheterodyne reception 
wherein the currents of intermediate frequency are amplified. These 
arc two of the most important wireless inventions of the past twenty 
years. 
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